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Tephra Transport, Sedimentation and Hazards
Alain C. M. Volentik
ABSTRACT
Tephra deposits are one of the possible outcomes of explosive volcanic eruptions and
are the result of vertical settling of volcanic particles that have been expelled from the
volcanic vent into the atmosphere, following magma fragmentation within the volcanic
conduit. Tephra fallout represents the main volcanic hazard to populated areas and crit-
ical facilities. Therefore, it is crucial to better understand processes that lead to tephra
transport, sedimentation and hazards.
In this study, and based on detailed mapping and sampling of the tephra deposit of the
2450 BP Plinian eruption of Pululagua volcano (Ecuador), I investigate tephra deposits
through a variety of approaches, including empirical and analytical modeling of tephra
thickness and grain size data to infer important eruption source parameters (e.g. column
height, total mass ejected, total grain size distribution of the deposit). I also use a statistical
approach (smoothed bootstrap with replacement method) to assess the uncertainty in the
eruptive parameters. The 2450 BP Pululagua volcanic plume dynamics were also explored
through detailed grain size analysis and 1D modeling of tephra accumulation. Finally, I
investigate the influence of particle shape on tephra accumulation on the ground through
a quantitative and comprehensive study of the shape of volcanic ash.
As the global need for energy is expected to grow in the future, many future natural
hazard studies will likely involve the assessment of volcanic hazards at critical facilities,
including nuclear power plants. I address the potential hazards from tephra fallout, pyro-
clastic flows and lahars for the Bataan Nuclear Power Plant (Philippines) posed by three
nearby volcanoes capable of impacting the site during an explosive eruption. I stress the
xiii
need for good constraints (stratigraphic analysis and events dating) on past eruptive events
to better quantify the probability of future events at potentially active volcanoes, the need
for probabilistic approaches in such volcanic hazard assessments to address a broad range of
potential eruption scenarios, and the importance of considering coupled volcanic processes
(e.g. tephra fallout leading to lahars) in volcanic hazard assessments.
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CHAPTER 1
INTRODUCTION
Volcanic eruptions can vary dramatically in style, size and type of erupted products,
from low-volume extrusion of viscous lava at the surface of the Earth to large volumes of
volcanic ash erupted explosively and affecting wide areas around the volcano (Sigurdsson
et al., 2000). Tephra are pyroclasts that are erupted into the atmosphere and fall back to the
Earth’s surface. Usually the term is applied to particles that are transported primarily in
the eruption column and by vertical settling through the atmosphere, rather than primarily
by lateral flow, which occurs during pyroclastic density currents.
As magma rises in the conduit of the volcano, bubble formation and expansion results in
disruption of the magma. As bubbles form and grow, the ascending mixture becomes dis-
persed, characterized by an essentially continuous gas phase, with isolated magma droplets.
The droplets cool to form pumice or scoria - known as pyroclasts. Pyroclasts resulting from
this process have a wide range of sizes (from micron to decimetric). The sizes, shapes and
densities of these particles are fundamental controls on their settling velocity, and hence
their pattern of deposition. The velocity with which this mixture leaves the conduit and
enters the atmosphere, forming a volcanic plume, is an additional control on the eventual
pattern of tephra deposition. This mixture is expelled into the atmosphere and will develop
a volcanic plume if the conditions for buoyancy are achieved (i.e. density of the volcanic
mixture < density of the surrounding atmosphere). Once the eruptive column reaches the
level of neutral buoyancy, it will continue to rise due to momentum forces before later-
ally spreading in the atmosphere around the level of neutral buoyancy, forming a gravity
current, termed an umbrella cloud (Sparks, 1986; Sparks et al., 1997).
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Volcanic particles settle out of the umbrella cloud according to their terminal velocity
and fall to the ground. As they fall, pyroclasts are dispersed by the wind. Larger clasts
might also settle out of the rising plume through the eruptive column margins. Thus,
the physical processes that result in explosive volcanic eruptions, magma fragmentation,
height of the eruption column, and size distribution of pyroclasts all play important roles
in the eventual deposition of tephra. In order to understand tephra deposits, and forecast
volcanic hazards associated with tephra fallout, we must learn as much as possible about
these processes.
Volcanologists study these processes from a variety of perspectives. For example, it is
not possible to observe directly the ascent and fragmentation of magma during explosive
volcanic eruptions. Geophysical observations gathered during volcanic eruptions provide
some insight into the nature of magma ascent and flow in conduits (Neuberg, 2006). Study
of the physics of magma ascent has led to the development of numerical simulations of
conduit flow and fragmentation of magma (e.g. Dobran, 1992; Woods, 1995; Papale, 1999;
Melnik, 2000; Llewellin and Manga, 2005). Our understanding of the physics of eruption
columns greatly improved through the studies of Sparks (1986), Woods (1988) and Sparks
et al. (1997), among others. Through future improvements in knowledge and modeling of
volcanic processes, we will be able to refine and further develop models of tephra dispersion
and sedimentation.
In this study, I use information available from the deposit (e.g. total thickness and
grain size data) to explore different aspects of tephra analysis. Empirical and 2D analyti-
cal modeling of tephra deposits were used to infer important eruptive parameters such as
total erupted mass, column height and total grain size distribution of the deposit. Through
a statistical technique (a smoothed bootstrap with replacement method, proposed by Efron
and Tibshirani, 1991) I assess the uncertainty in the determination of column height and
total erupted mass. Detailed grain size analysis combined with 1D modeling of tephra
accumulation were used to investigate plume dynamics. Finally, through a detailed quan-
titative and comprehensive study of volcanic clast morphology, I examine the influence of
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the shape of volcanic particles on their terminal velocity and therefore on tephra dispersal
models.
My study builds on a vast literature dedicated to the inference of volcanic processes from
the study of volcanic deposits (e.g. Walker, 1971; Walker et al., 1971; Suzuki, 1983; Carey
and Sparks, 1986; Wilson and Walker, 1987; Armienti et al., 1988; Pyle, 1989; Bursik et al.,
1992b; Sparks et al., 1992; Bonadonna et al., 1998; Connor et al., 2001; Bonadonna et al.,
2002; Bonadonna and Phillips, 2003; Bonadonna et al., 2005a; Bonadonna and Houghton,
2005; Connor and Connor, 2006). These studies focused mainly on the transport and
sedimentation processes from the umbrella cloud, although some also described the sedi-
mentation from the plume margins. Suzuki (1983) was the first to propose the analytical
solution of the advection-diffusion-sedimentation equation to model tephra deposits, and
his approach was later refined by Armienti et al. (1988) and Bonadonna et al. (2005a)
among others. My work is based on these models of tephra transport and sedimentation
from the umbrella cloud applied to the 2450 BP tephra deposit of Pululagua volcano. I
use not only thickness data (or isomass data), but also grain size data derived from the
deposit to better characterize the eruptive processes of the 2450 BP Plinian eruption of
Pululagua (but also of volcanic eruptions in general) and to assess the uncertainty in the
determination of crucial eruptive parameters. Empirical models used to determine eruptive
parameters are often subject to interpolation (e.g. interpolations of isopach and isopleth
contours). The emergence of numerical modeling reduces the need for interpolation be-
cause mass and thickness are estimated at each sample point using a tephra sedimentation
model.
The tephra deposit of the 2450 BP Plinian eruption of Pululagua volcano (Ecuador)
provides a framework for my investigation of how tephra deposits can be used to infer
the characteristics of long past eruptions using quantitative, numerical models of tephra
dispersion (see Chapter 2). This eruption was remarkable since it apparently occurred
in relatively calm atmospheric conditions, therefore removing many of the complexities
of atmospheric interaction from the problem. During two field expeditions to Ecuador,
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I mapped and sampled the deposit around Pululagua, acquiring crucial data to better
understand the deposit and to model the eruption. Samples were brought back to the
University of South Florida (USF) for further analysis of the physical characteristics of the
deposit, such as grain size distribution and grain shape analysis. Through empirical and
analytical modeling, combined with uncertainty analysis, I was able to better constrain
eruption source parameters for the 2450 BP Plinian eruption of Pululagua volcano (see
Chapter 2). Grain size data were used not only to infer eruptive parameters, but also to
better understand plume dynamics.
Quantitative particle shape data have been obtained from the tephra deposit by using
a new device to study grain shape and sizes of very small (down to 1 micron) pyroclasts.
This instrument, the PharmaVision optical device, works by scanning a glass slide on
which the sample has been deposited, creating an image of each single clast and extracting
morphological parameters from this image. These morphological parameters are then used
to investigate variations in shape parameters of volcanic particles as a function of distance
from the vent and of grain size. Based on these data, I explore the influence of particle shape
on terminal velocity (through the implementation of three different models proposed in the
literature) and on tephra accumulation on the ground, as the terminal velocity of volcanic
clasts is the primary variable controlling the sedimentation of tephra (see Chapter 3).
Tephra fallout is the main volcanic hazard likely to affect human infrastructures be-
cause tephra can be transported to great distances from erupting volcanoes (e.g. the May
1980 eruption of Mount St. Helens, Durant et al., 2009 and the May 2008 eruption of
Chaite´n volcano (Chile), Folch et al., 2008; Watt et al., 2009). Currently and in the near
future, volcanic hazard studies will involve the assessment of volcanic hazards at critical
facilities, including nuclear power plants. For many nuclear power plants, no adequate
volcanic hazard assessment has been performed. Consequently the International Atomic
Energy Agency (IAEA) is developing guidelines for volcanic hazard assessment (Hill et al.,
2009), but there is a need for a practical example of how such an assessment should be con-
ducted from a volcanological perspective. Therefore, I address the issue of tephra hazard
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through a comprehensive tephra hazard assessment study for the Bataan Nuclear Power
Plant (BNPP) in the Philippines (see Chapter 4). At the time of the siting and construc-
tion of the nuclear power plant (in the late 1970’s and early 1980’s), the volcanic hazard
assessment conducted by a U.S. consulting company (on behalf of the Philippine Atomic
Energy Commission) was quite controversial. Their conclusions (EBASCO, 1977, 1979)
were questioned by U.S. scientists (Newhall, 1979), experts from the IAEA (IAEA, 1978)
and other panels in the Philippines. Furthermore, the Union of Concerned Scientists cited
the proximity of the site to the potentially active Mt. Natib volcano as a major source of
concern (D’Amato and Engel, 1988). This controversy is still ongoing, since the IAEA has
been appointed to help assess the feasibility of rehabilitating the Bataan Nuclear Power
Plant, and more recently the re-commissioning of the Bataan Nuclear Power Plant has been
approved (J. Cabato, personal communication). In the same study, I also address other as-
pects of volcanic hazards that are likely to affect critical facilities, namely pyroclastic flows
and lahars (see Chapter 4). My results emphasize the need for probabilistic approaches
in forecasting the amount of tephra that might reach the BNPP following an explosive
eruption at one of three nearby volcanoes (Mt. Pinatubo, Mt. Natib and Mt. Mariveles), in
order to encompass all the possible variation in eruptive parameters that led to tephra de-
position on the site. I found that the site is vulnerable to potential large volcanic eruptions
from the nearby Mt. Natib. I also stress the importance of coupling volcanic phenomena
(e.g., tephra fallout and lahars) in the volcanic hazard assessment and how the analysis of
complex volcanic phenomena can be studied systematically as part of a characterization of
the volcanic hazards faced by such critical facilities.
This dissertation includes a description of the physical characteristics of the tephra
deposit resulting from the 2450 BP Plinian eruption of Pululagua volcano (Ecuador) and
of modeling the transport and sedimentation processes of this tephra deposit through em-
pirical and analytical approaches. Only by understanding these basic volcanic processes
can we develop an adequate understanding of volcanic hazards. This understanding is nec-
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essary in order to evaluate volcanic hazards at nuclear facilities, for similar infrastructure,
and for populations living near volcanoes.
The pronoun ”we” is used in chapter 2 and chapter 4, but ”I” in chapter 3, reflecting the
contributions of coauthors on these papers that are submitted for publication. Chapter 2
is submitted to the Journal of Geophysical Research and chapter 4 is soon to be published
in the book Volcanic and Tectonic Hazard Assessment for Nuclear Facilities edited by
Connor, C.B., Chapman, N. and Connor, L.J.
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CHAPTER 2
MODELING THE CLIMACTIC PHASE OF THE 2450 BP PLINIAN
ERUPTION OF PULULAGUA VOLCANO, ECUADOR
2.1 Introduction
Tephra dispersal models are important in volcanology, not only to constrain physical
processes leading to tephra transport and sedimentation following an explosive eruption at
a given volcano (Armienti et al., 1988; Bursik et al., 1992b; Bonadonna and Phillips, 2003;
Costa et al., 2006), but also to assess tephra hazards that potentially threaten populated
areas (Connor et al., 2001; Bonadonna et al., 2005a; Houghton et al., 2006; Macedonio
et al., 2008) and critical facilities (Volentik et al., 2009). Tephra sedimentation models
are usually based on analytical solutions of the advection-diffusion equation (e.g. Suzuki,
1983). While the physics of tephra diffusion seems to be well-captured by these models, the
wind field at the time of the eruption is often not easily constrained, except for observed
eruptions. Accurate windfield data are often difficult to infer because wind fields for past
eruptions are derived from field data through an empirical model that is based on a fixed
wind profile (Carey and Sparks, 1986). Thus wind advection adds a level of complexity
in the study of tephra dispersion. Only three eruptions are known to have occurred in
approximately still atmospheric conditions, resulting in a circular-shaped dispersion of
tephra around the vent: the ≈ 5,000 BP Fogo A eruption (Walker and Croasdale, 1971;
Bursik et al., 1992b), the 1210 BP eruption of Cotopaxi (layer 9 of Barberi et al., 1995)
and the 2450 BP Plinian eruption of Pululagua, Ecuador (Papale and Rosi, 1993). We have
chosen the latter to investigate sedimentation from Plinian plumes and validate empirical
and analytical models for the determination of crucial eruptive parameters (Pyle, 1989;
Bonadonna and Houghton, 2005; Connor and Connor, 2006) and analytical models for
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the description of particle transport and deposition (i.e. Bonadonna and Phillips, 2003;
Bonadonna et al., 2005a; Connor et al., 2008).
There is uncertainty in the modeling of tephra deposits and the inference of eruptive
parameters. Such uncertainties are usually not well described in the literature. Therefore,
we describe a Monte Carlo approach, combined with a smoothed bootstrap method, to
quantify the uncertainty in the determination of total erupted mass and column height.
We investigate the variability of the results (i.e. column height and total erupted mass) in
terms of the total accumulation observed and for each grain size.
2.2 Geological setting
Pululagua Volcano is part of the active Western Andean Volcanic Front of Ecuador (Fig-
ure 2.1a) (Hall et al., 2008) and is located 15 km north of Quito (Figure 2.1b). Papale and
Rosi (1993) and Andrade and Molina (2006) described the volcanic stratigraphy and evolu-
tion of Pululagua volcano. Pululagua Volcano is a 19 km2 dacitic caldera and is surrounded
by ten older lava domes. The most recent volcanic activity at Pululagua started with the
formation of dacitic lava domes with their associated block-and-ash flow deposits, which
are capped by an ubiquitous, well-developed palaeosoil. The 2450 BP Plinian sequence
overlies this palaeosoil conformably. The explosive activity leading to the formation of the
irregularly shaped caldera (Figure 2.1c) occurred as a series of volcanic eruptions during
which ≈ 5−6 km3 (DRE) of hornblende-bearing dacitic magma was erupted. Papale and
Rosi (1993) estimated that the main basal pumice fall (BF) deposit (Figure 2.2) covers an
area of more than 2.2×104 km2 and has a volume of ≈ 1.1 km3 (≈ 0.34 km3 DRE). The gen-
eral stratigraphy of Pululagua deposits, as well as the circular isopach and isopleth maps,
were presented by Papale and Rosi (1993) for the whole basal fallout deposit. The circular
pattern of the isopach and isopleth maps indicates emplacement in wind-free conditions,
which is confirmed by an ubiquitous, normally graded White Ash deposit (WA), a thin ash
bed that tops the Plinian sequence (Papale and Rosi, 1993). This ash bed, also defined
as co-plinian ash according to the general description of Fierstein and Nathenson (1992),
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is thought to have originated from the slow settling of fines (< 1 mm) after cessation of
the sustained Plinian column. Had a moderate wind field been present at the time of the
eruption of the BF layer, the fine White Ash particles would have been advected down-
wind and would have sedimented away from the vent. Papale and Rosi (1993) calculated
a maximum column height of 36 km (based on the 3.2, 1.6 and 0.8 cm lithic isopleths) and
21 km (based on the 6.4 cm lithic isopleth), using the model of Carey and Sparks (1986)
(thereafter referred as CS). The model of Wilson and Walker (1987) applied to the 4.9 and
6.4 cm lithic isopleths yielded a column height of 28 km (Papale and Rosi, 1993). Magma
discharge rate was estimated to be 2 × 108 kg s−1, following both the models of Sparks
(1986) and Wilson and Walker (1987).
Pallini (1996) revisited the BF deposit and subdivided it into additional layers compared
to the study of Papale and Rosi (1993), and proposed a volume for the BF of ≈ 0.58 km3,
based on the method of Pyle (1989). The eruption column height was estimated using CS
and Pyle (1989) models and yielded heights of 36 km and 28 km respectively. Thus, Pallini
(1996) proposed a probable column height of 32 km, resulting from the average of these
two estimates, and a magma discharge rate of 2× 108 kg s−1 (based on Sparks, 1986) and
3× 108 kg s−1 (based on Wilson and Walker, 1987).
This whole BF tephra sequence is overlain by numerous pyroclastic density currents
(pyroclastic flows and surges) in the near-vent region intercalated within other minor tephra
fallout deposits (Papale and Rosi, 1993; Andrade and Molina, 2006; Petriello, 2007). The
latter tephra deposits show a global westward dispersion (Papale and Rosi, 1993) compared
to the BF sequence.
Padro´n et al. (2008) identified diffuse CO2 emissions within the caldera of Pululagua.
They estimated a total CO2 emission rate of 9.8 t km−2 d−1 (tons per day per square
kilometer). This relatively low CO2 emission value and lack of other signs of unrest indicate
that Pululagua is in a period of quiescence and therefore poses no immediate hazards to
the surrounding area.
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Figure 2.1. (a) Location map of Ecuador, with the main volcanoes (triangles) and localities
(circles). Pululagua is located north of Quito and is shown as a big white triangle. The
black square around Pululagua represents the area of interest shown in (b) and throughout
the different maps in this paper. (b) Region of interest around Pululagua, with the three
axes used in this study: 1, the ESE axis in red; 2, the SE axis in blue and 3, the SW
axis in green. Numbers refer to sample locations. Cities abbreviations are as follows, A:
Atahualpa, C: Calacali, G: Guayllabamba, N: Nanegal, Ng: Nanegalito, No: Nono, P:
Perucho, SA: San Antonio, SJM: San Jose de Minas. The dark grey area represents the
extent of Quito; (c) Zoom on the Pululagua volcanic complex, showing the irregular-shaped
caldera. 10
2.3 New stratigraphy
We use the work of Pallini (1996) to define a stratigraphic subdivision for the eruption
(Figure 2.2): (i) a basal grey ash (BGA), resulting from several discrete phreatomagmatic
eruptions characterizing the onset of explosive activity at Pululagua (Papale and Rosi,
1993); (ii) two early Plinian fallout deposits (BF1a and b), overlain by (iii) the main
(climactic phase) fallout layer of the Plinian eruption, the BF2 layer, that is the focus of this
study; (iv) BF3 Plinian fallout deposit, and (v) the White Ash (WA) fallout deposit. The
BF2, BF3 and WA episodes are thought to have occurred in still atmospheric conditions,
whereas the BGA and BF1a and b events display a NE dispersal axis (Pallini, 1996). These
five tephra deposits are conformable and are thought to have been deposited without any
significant break in the explosive eruption (Papale and Rosi, 1993). Distinguishing features
of these different fall layers are described below.
The BGA layer marks the beginning of the explosive eruption of Pululagua (Figure 2.2a)
(Papale and Rosi, 1993). The BGA is a fine-grained ash deposit, composed of multiple thin
layers of alternating coarse and fine deposits that are the result of several phreatomagmatic
pulses. These are interpreted to characterize the vent-opening phase of the Plinian eruption.
The thickness of BGA varies from a few millimeters up to almost 10 cm in the most proximal
sections.
The Basal Fall (BF) deposit lies conformably on the BGA layer (Figure 2.2), without
any sign of break in the sedimentation process. The BF1a and BF1b layers are composed
of white angular pumices and up to 10% lithics by volume (Figures 2.2a and 2.2b). The
BF1a and b layers are separated by surge deposits in proximal areas (Figure 2.2a) and by
a thin bed of fine lapilli further away from the vent. Their axes of dispersion are toward
the NNW for BF1a and NW for BF1b (Pallini, 1996).
The BF2 layer represents the climactic phase of the BF Plinian eruption of Pululagua.
This layer is the thickest and covers the widest area of all of the BF layers (Figure 2.2). The
transition between BF1b and BF2 is marked by a sharp increase in grain size. Pumices
are white in color, dacitic, angular and finely vesiculated. Accidental basement lithics are
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Figure 2.2. Picture and detailed stratigraphy of the outcrop for three locations at various
distances from the vent. (a) Proximal: PL40 located at ≈ 4.5 km southeast from the
inferred vent. (b) Medial: PL19 located at ≈ 13 km east-southeast from the inferred vent.
(c) Distal: PL24 located at ≈ 21 km southeast from the inferred vent. We defined the
inferred vent as being in the center of the caldera, in the current position of the central
post-caldera domes. Note the almost-constant thickness of the White Ash in any location
away from the vent.
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usually highly oxidized and comprise up to 20% in volume of the deposit. In proximal
areas, one or two ash layers occur in the uppermost part of the BF2 deposit. These layers
represent either a pause in the Plinian eruption, resulting in the accumulation of slow-
settling fine particles, or small pyroclastic density currents (pyroclastic surges) resulting
from ephemeral instabilities in the Plinian column. These ash layers are not ubiquitous
and thin quickly away from the vent.
The transition between the BF2 and BF3 layers is represented by a series of dilute
pyroclastic density currents in proximal locations (Figure 2.2a). A pronounced decrease in
grain size marks this transition in more distal sections. The nature of the pumice clasts
in BF3 are the same as those of BF2 and BF1: white, angular and finely vesiculated
pumices. Lithic fragments are still present, but are less abundant than in the BF2 (5−10%
in volume). In the upper third part of the deposit, the BF3 displays a distinct increase
in size of pumice clasts, which can be attributed to an increase in the eruption intensity
resulting in a higher column height.
The contact between the BF3 layer and the White Ash layer is not sharp, as is the case
with previous contacts, but rather shows a gradation in grain size from the BF3 to the
WA layers (Figure 2.2). We used the appearance of the dominant white color from the fine
white ash and the disappearance of large clasts (≥ 1 mm) to subdivide the BF3 and the
WA layers. The WA layer is normally graded and ubiquitously covers the underlying lapilli
fallout deposits of the BF eruption. Therefore, the WA marks the end of the first Plinian
phase of Pululagua. Where pristine, the WA thickness varies from 10 cm close to the vent
to 6 cm in distal locations. The area covered by the WA layer is greater than the area
covered by the previous BF layers, as the WA has been found as far as 63 km west of the
caldera (Pallini, 1996) and even at the coastline ≈ 200 km west from the caldera (P. Mothes,
personal communication). The presence of the WA on top of the other BF layers not only
guarantees the integrity of the underlying units, but also gives a hint about the atmospheric
conditions at the time of the first Plinian eruption of Pululagua. The occurrence of such a
uniform fine grained layer requires a nearly still atmospheric column, as fine particles have
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such low terminal velocities that they would have formed an asymmetric deposit in windy
conditions.
These Plinian fallout deposits from Pululagua are overlain by a sequence of pyroclastic
surges and pyroclastic flows, interlayered with additional minor Plinian fallout deposits
from Pululagua (Papale and Rosi, 1993; Andrade and Molina, 2006; Petriello, 2007).
In proximal locations, the BF2 layer presents one or two horizons of finer ash (Fig-
ure 2.2a), that could represent a small pause in the eruption, resulting in the settling of
fine particles, or small pyroclastic density currents (pyroclastic surges), resulting from lo-
cal instabilities in the eruption column. Furthermore, in the same proximal areas, small
density current deposits (very small volume pyroclastic flows and/or surges) are interbed-
ded between the BF2 and BF3 layers (Figure 2.2a), suggesting either another pause in the
sustained phase of the Plinian eruption between the BF2 and BF3 layers or, again, some
small instabilities of the outer part of the volcanic plume. However, the sharp transition
in grain size between the BF2 and BF3 layers in all locations argues in favor of a pause in
the Plinian phase of the eruption.
In the present study, we focus on the BF2 layer, which represents the climactic phase
of the 2450 BP Plinian eruption of Pululagua. We measured thickness of the BF2 layers
at 73 locations. BF2 thickness varies from about 40 cm in the most proximal location (i.e.
about 4.5 km from the inferred vent in the present caldera) to less than 1 cm in the most
distal location we sampled (about 35 km from the inferred vent). Samples were collected
at 53 locations for grain size analysis (Figure 2.3) and for each location, we calculated the
median clast diameter (Mdφ) and the graphical standard deviation (or sorting, σφ) from
Inman (1952) (Figure 2.4).
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2.4 Empirical determination of eruptive parameters
2.4.1 Sample grain size and total grain size distribution
2.4.1.1 Grain size
We collected 53 samples and dry-sieved down to 4φ (63µm) at 1φ intervals. Proximal
deposits were sieved in the field down to the -3φ mesh and the fraction finer than -3φ was
first quartered to reduce the total volume of the remainder deposit, and then carried back to
the lab for further sieving. The ash fraction finer than 4φ (63µm) was analyzed for grain
size characteristics down to 12φ with the Malvern PharmaVision 830 (PVS) automated
optical device. Results from the PVS include different morphological parameters of the
particles that may be related to settling velocity, such as the maximum length, the mean
diameter, or the width of the particles. Therefore, the grain size distribution can be
recalculated using each morphological parameter. We decided to constrain the grain size
distribution of the fine ash by using the particle width parameter, as it gives the best
result compared to hand-sieved data. The median grain size (Mdφ) and sorting (σφ) of
the deposit vary from -4φ to 2.25φ and from 1.15φ to 3φ respectively, with the majority
of the samples having a Mdφ < 0φ and a σφ > 2.0φ. Therefore, the BF2 layer is coarse
grained and poorly sorted (Cas and Wright, 1987), which can be attributed to the lack
of significant wind during the eruption. Figure 2.3 shows different grain size distributions
for samples with increasing distance from the inferred vent. As expected (Sparks et al.,
1992) the Mdφ and the σφ decrease with distance from the vent (Figure 2.4), meaning that
the overall grain size decreases away from the volcanic vent and the sorting of the deposit
improves.
Figures 2.5 and 2.6 show the isomass maps of the individual grain size classes from
-5φ down to 2φ. Sample locations showing grain size classes larger than -5φ are not
sufficient to trace isomass maps, while the 3φ and 4φ grain size classes display such a low
accumulation that contouring the field data is not an objective task. Isomass maps for
clast fractions -5φ to -2φ display a dispersion component toward the south and the west.
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Figure 2.3. Grain size distribution for the BF2 layer for proximal to more distal locations
for five different localities. Mdφ is the median grain size, σφ is the sorting and SkG is the
skewness of the deposit. (a) is the grain size distribution for PL40, (b) for PL10, (c) for
PL19, (d) for PL24 and (e) for PL55.
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for the rest of the data set. Solid lines are regressions through the data from the different
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In comparison, particles from -1φ to 1φ clearly show dispersion toward the west. The 2φ
grain size class shows a more circular dispersal pattern. Therefore, when the deposit is
broken down into individual grain size classes, the circular pattern observed in the isopach
map (Figure 2.7a) is not evident. The circularity observed in the deposit thickness is the
result of the differential accumulation pattern of the different grain size classes.
Figure 2.7b shows the distribution of the Mdφ around Pululagua, and iso-Mdφ lines
tend to be roughly circular around the vent, although they show a dispersion toward the
southwest, similar to the pattern displayed by the isopach map (Figure 2.7a). The -2φ and
-1.5φ contours also display a distortion toward the south-southeast. The iso-Mdφ lines
are more sensitive to wind dispersal than isopachs. This characteristic is another factor
leading to the interpretation that at least part of the BF (i.e. the BF2, BF3 and WA layers)
eruption happened in still atmospheric conditions, because if a significant wind field had
been present at the time of the eruption, the iso-Mdφ lines would have been more strongly
distorted by the wind field, as noted by Rose et al. (2008) for the 1974 Fuego (Guatemala)
sub-Plinian tephra fall deposit.
In many tephra fall studies (e.g. Pyle, 1989; Sparks et al., 1992; Papale and Rosi, 1993),
Mdφ is correlated with distance from the vent along the dispersal axis, but might not be so
well correlated when all the sample locations are plotted with distance from the vent (Rose
et al., 2008). We investigate such relationships and focus our along three axes around the
volcano (ESE axis, SE axis and SW axis, see Figure 2.1b). As for the BF2, Figures 2.4a and
2.4b show that both the Mdφ and σφ decrease with distance from the vent, and follows a
power-law thinning trend. However, the rate at which Mdφ and σφ decrease with distance
from the vent is not the same along the different axes investigated. The decrease in Mdφ
and σφ is faster along the ESE axis (axis 1 in red) than along the SE axis (axis 2 in
blue) and the SW axis (axis 3 in green). The scatter of the Mdφ vs. distance from the
vent might be the result of non-uniform sedimentation due to atmospheric diffusion or wind
interaction. The difference in the horizontal position of the plume corner along the different
axes (see discussion below) might be another explanation for the scatter of the Mdφ vs.
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Figure 2.5. Isomass maps for each individual grain size class from -5φ to -2φ of the BF2
layer. See Figure 2.1b for abbreviations. Dashed lines where isomass contours are extrap-
olated.
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Figure 2.6. Isomass maps for each individual grain size class from -1φ to 2φ of the BF2 layer.
See Figure 2.1b for abbreviations. Dashed lines where isomass contours are extrapolated.
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Figure 2.7. (a) Isopach map for the BF2 layer of the 2450 BP Plinian eruption of Pul-
ulagua Volcano. Individual location thicknesses and contours are shown. Values are in
centimeters. Note the circular shape of the isopachs. Dashed lines where isopach contours
are extrapolated. (b) Map showing the distribution of the Mdφ values of the BF2 layer.
Note that the circular shape is less pronounced than for the isopach map, and that the
distribution of Mdφ is slightly toward the west. Dashed lines where iso-Mdφ contours are
extrapolated. See Figure 2.1b for abbreviations.
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distance from the vent. Mdφ and σφ do not correlate in many fallout deposits (Walker,
1971; Houghton et al., 2004; Costantini et al., 2009; Rose et al., 2008). In contrast, the
BF2 layer shows a relatively good linear correlation between these two parameters (R2 =
0.79−0.83) (Figure 2.4c). The absence of wind may be a factor in improving the correlation,
as the wind field tends to improve the sorting of the deposit regardless of the particle size.
2.4.1.2 Total grain size distribution
A crucial eruptive parameter for the modeling of tephra fall deposits is given by the
total grain size distribution (TGSD). The TGSD is an important parameter used to (i)
constrain tephra sedimentation models (Bursik et al., 1992b; Bonadonna and Phillips,
2003), (ii) infer fragmentation and eruption processes (Kaminski and Jaupart, 1998), (iii)
assess tephra hazards for population vulnerability (Connor et al., 2001; Bonadonna et al.,
2005a), critical facilities vulnerability (Volentik et al., 2009) and aviation safety (Rose
and Durant, 2009; Mastin et al., 2009), and (iv) evaluate human health hazards due to
the settling of fine particles in populated areas (Horwell and Baxter, 2006). Several ways
to estimate the TGSD have been proposed (Walker, 1981; Carey and Sigurdsson, 1982;
Bonadonna and Houghton, 2005; Rose et al., 2008; Durant et al., 2009). The most recent
one, the Voronoi tessellation (a spatial analysis method) developed by Bonadonna and
Houghton (2005), can be defined as the partitioning of the plane (e.g. the tephra blanket)
such that, for any set of distinct data points, the cell associated with a particular data point
contains all spatial locations closer to that point than to any other. In this study, we have
used the following approaches: (i) simple unweighted average of grain size analysis from all
the available locations (Technique A) (Walker, 1981), (ii) mass-weighted average of grain
size analysis from all the available locations (Technique B) (Walker, 1981), (iii) isopach
weighted (Technique C) (Rose et al., 2008) and (iv) the Voronoi tessellation (Technique
D) (Bonadonna and Houghton, 2005). We applied these four approaches to two sets of
samples: (1) the current set of samples (set 1) available from our field study and (2) another
set, in which we have added virtual sample locations (set 2) in areas where the deposit
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Table 2.1. Compilation of grain size characteristics for the different technique of TGSD
calculations. Data on the 1980 eruption of Mount St. Helens (1980 MSH) are from Durant
et al. (2009).
Technique Data Set Mdφ σφ SkG ash (wt.%) fine ash (wt.%)
Technique A set 1 -0.55 2.43 -0.20 57.35 1.92
set 2 0 2.50 -0.24 64.56 3.33
Technique B set 1 -1.85 2.78 -0.05 40.05 0.99
set 2 -2.15 2.95 -0.03 36.81 0.94
Technique C set 1 -1.1 2.68 -0.16 49.33 1.68
Technique D, 35 km set 1 -0.84 2.46 -0.14 52.53 1.22
set 2 -0.72 2.75 -0.18 53.71 1.96
Technique D, 40 km set 1 -0.71 2.41 -0.15 54.64 1.27
set 2 -0.60 2.79 -0.18 55.24 2.31
Technique D, 50 km set 1 -0.51 2.32 -0.16 57.96 1.37
set 2 -0.36 2.82 -0.21 57.89 2.92
Technique D, 100 km set 1 -0.01 2.09 -0.19 66.48 1.68
set 2 0.84 2.78 -0.36 69.78 5.66
Technique D, 200 km set 1 0.25 1.92 -0.18 71.93 1.98
set 2 1.75 1.92 -0.37 84.57 9.06
Inversion on GS all data 0.82 2.31 -0.41 n/a n/a
without -7φ 0.95 1.93 -0.34 n/a n/a
1980 MSH n/a 4.8 2.5 -0.21 ≈ 95 ≈ 57
is now lacking, based on the assumption of circularity of the deposit and on the current
samples collected in the field. The Voronoi tessellation approach requires the definition
of a zero accumulation limit, which is not available for past eruptions. Nevertheless, we
used a circular zero accumulation line with variable radius (35, 40, 50, 100 and 200 km, see
Figure 2.8 and Table 2.1) to investigate the sensitivity of the technique to the position of
the zero accumulation line.
The results of the different techniques used to calculate the TGSD of the BF2 layer on
the two datasets are presented in Figure 2.8 and Table 2.1. The Voronoi technique clearly
shows a greater consistency in the Mdφ values from the two different sets of data points
used to calculate the TGSD compared to Techniques A and B. Figures 2.8g and 2.8h and
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Figure 2.8. Results of total grain size distributions (TGSD) calculations using different
techniques. (a) Technique A with the two sets of data points; (b) Technique B with the
two sets of data points; (c) Technique C; (d) Technique D with the first set of data points;
(e) Technique D with the second set of data points; (f) From the inversion on grain size,
including and excluding the -7φ size fraction; (g) Technique D with a zero accumulation
line at 100 km for the two data sets; (h) Technique D with a zero accumulation line at 100
and 200 km with the first data set.
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Table 2.1 show that the Voronoi technique is more sensitive to the distribution of sample
locations than to the actual position of the ”zero accumulation line”. Technique A, C
and D seem to show roughly the same pattern of TGSD (Figure 2.8), while Technique B
displays a coarser, wide bell-shaped TGSD compared to the other techniques. Therefore,
the Voronoi technique is less sensitive to the number of data points available compared to
other techniques used to calculate the TGSD of a tephra deposit. Technique A, and to a
lesser extent Technique B, are very sensitive to the distribution of the sample locations,
as shown by the large difference in the Mdφ (-0.55φ for data set 1 and 0φ for data set 2
in Technique A). Another important observation is that the Voronoi technique is not that
sensitive to the position of the ”zero accumulation line”, needed to constrain and calculate
the TGSD applying the Voronoi tessellation (Bonadonna and Houghton, 2005), as shown
by the only slight variations in the grain size parameters from the Voronoi technique using
a circular ”zero accumulation line” at 35, 40, 50, 100 and 200 km from the inferred vent for
the BF2 eruption. The main difference between the three different zero accumulation line
results lies in the amount of fine ash present in the deposit, an amount increasing with an
increasing distance from the vent of the zero accumulation line, therefore giving a higher
weight to the fine portion of the deposit.
2.4.2 Erupted volume
Statistical models are widely used to estimate eruption volumes from comparatively
sparse data. The volume of tephra emitted during an explosive volcanic eruption can be
inferred using curve-fitting methods on a semi-logarithmic plot of thickness vs. the square
root of the area enclosed by the isopach of a given thickness. Following the model of
Pyle (1989), an exponential trend line is fit through measurements of the BF2 deposit
thicknesses plotted against the square-root of the area (Figure 2.9). Volume is calculated
using two different exponential curves. The first (Figure 2.9a) does not take into account the
1 and 2 cm isopach areas, because these areas are not well-constrained by field observations
(Figure 2.7a). The total volume is about 0.3 km3 (R2 = 0.99). The second exponential curve
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Figure 2.9. Semi-logarithmic plots of log of thickness (cm) against the square root of the
area enclosed by an isopach map contour for the BF2 tephra deposit. (a) Field data are
fitted according to the exponential decay proposed by Pyle (1989), excluding the 1 and
2 cm isopachs. (b) Field data are fitted according to the exponential decay proposed by
Pyle (1989), including the 1 and 2 cm isopachs. (c) Field data are fitted using the power-
law technique proposed by Bonadonna and Houghton (2005), excluding the 1 and 2 cm
isopachs. (d) Field data are fitted using the power-law technique proposed by Bonadonna
and Houghton (2005), including the 1 and 2 cm isopachs.
(Figure 2.9b) takes into account the whole suite of field observations and thus includes the
1 and 2 cm isopach areas. In this case, the correlation coefficient is lower (R2 = 0.95), but
the volume is also about 0.3 km3. In both cases, these results indicate the BF2 layer was
a VEI 4 eruption (Newhall and Self, 1982).
We have also applied the model of Bonadonna and Houghton (2005) that consists of
fitting field data using a power-law curve on a semi-log plot of thickness vs. square root of
the isopach areas. As for the exponential model, we have applied the power-law method to
both the data sets, with and without the 1 and 2 cm isopach areas (Figures 2.9c and 2.9d,
respectively). An important step in the application of the power-law method is the choice
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of the outer limit of integration, i.e. the maximum distance from the vent reached by the
deposit (i.e. thickness = 0), which is particularly critical for widely dispersed deposits (i.e.
power-law exponent < 2). A small tephra layer from the 2450 BP eruption of Pululagua has
been identified along the Pacific coast of Ecuador (P. Monthes, personal communication)
some 200−250 km away from Pululagua. Using 200 km or 250 km as one of the integration
limits, the total volume, excluding the 1 and 2 cm isopach areas, is ≈ 0.8−1.0 km3, while it
is reduced to ≈ 0.4−0.5 km3 when the 1 and 2 cm isopach areas are included. These volumes
estimates also indicate a VEI 4 eruption. Bonadonna and Costa (2009) have shown that
volume calculations for deposits characterized by a power-law exponent < 2 (i.e. widely
spread deposits) are sensitive to the choice of the outer integration limit. For example, the
volume of the BF2 layer varies between 0.5 km3 and 1.8 km3 for an outer integration limit
between 100 and 500 km, respectively and a power-law exponent of 1.2 (field data without
the 1 and 2 cm isopach areas). The volume of the BF2 layer varies between 0.3 km3 and 0.6
km3 for an outer integration limit between 100 and 500 km, respectively and a power-law
exponent of 1.7 (field data with the 1 and 2 cm isopach areas).
The lower volume estimate yielded by the exponential curve-fitting method (Pyle, 1989)
compared to that from the power-law fitting technique (Bonadonna and Houghton, 2005)
is probably due to the absence of both the very proximal and the distal part of the BF2
deposit in the geological record. In fact, the exponential model underestimates the total
erupted volume unless four segments can be identified in the semi-log plots vs. distance
from the vent plots (Bonadonna and Houghton, 2005).
In conclusion, we consider a total volume of tephra ejected during the climactic phase
of the eruption (layer BF2) of Pululagua of about 0.5 ± 0.15 km3 (from the application
of the power-law method to the complete field data set and considering the outer limit of
integration between 100 and 500 km from the vent). The bulk density of the deposit has
been measured in the field and was close to 1000 kg m−3, yielding a total mass of about
5± 1.5× 1011 kg.
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2.5 Analytical determination of eruptive parameters
We use the TEPHRA2 semi-analytical model (Bonadonna et al., 2005a; Connor et al.,
2008) to investigate the dispersion and sedimentation of the BF2 layer. The numerical sim-
ulation of tephra accumulation is based on an analytical solution to the advection-diffusion
equation and calculates the total mass per unit area M (kg m−2) of tephra accumulated
at a given location on the ground with the coordinates (x, y), which is one of the quantity
of greatest interest in tephra sedimentation models and in tephra hazard assessments. The
model allows for grainsize-dependent diffusion and particle density, a stratified atmosphere,
particle diffusion time within the rising plume, and settling velocities that include Reynolds
Number variations along the particle fall. Modeled particles are assumed to be spherical,
vertical atmospheric diffusion negligible, and horizontal atmospheric diffusion uniform and
isotropic.
For past and unwitnessed eruptions, the thickness and/or accumulation of tephra per
square meter (the quantity M mentioned above) is measured in the field and can be used to
infer eruption parameters such as column height, total mass of tephra erupted, TGSD and
wind direction and speed (Carey and Sparks, 1986; Pyle, 1989; Fierstein and Nathenson,
1992; Bonadonna and Houghton, 2005). Those models are based on either curve-fitting
techniques of field observations or on empirical models of volcanic eruptions, but not on
a physical model that describes tephra dispersal and sedimentation. Therefore, the use
of physical models, such as TEPHRA2, to infer eruption dynamics is critical to better
constrain eruption dynamics. However, by using only forward modeling of tephra dispersal,
the highly dimensional space of possible eruption input parameters cannot possibly be
fully investigated due to the great number of initial input parameters. Therefore it is
unlikely that the best set of eruption parameters can be found using a forward modeling
approach. By using an inversion technique, it is possible to find a set of eruption parameters
(especially column height, total mass of tephra erupted, total grain size distribution and
wind condition) that best reproduce the observed tephra accumulation on the ground at
each sample location.
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Connor and Connor (2006) proposed a technique to better understand eruption dy-
namics by inverting tephra fallout. This inversion technique searches for the optimal set of
eruptive parameters that best explain variation in the field data (Figure 2.10 and Table 2.2)
using the downhill simplex algorithm. The goal is to discover a set of eruptive parameters
that minimizes the error between the measured and calculated tephra accumulation at each
field point. The Root Mean Square Error (RMSE) represents a criterion of goodness-of-fit
between the calculated and observed tephra deposit, following:
RMSE =
√√√√ N∑
a=1
(Mca −Moa)2
Moa
(2.1)
where N is the number of field observations, Moa is the observed mass per unit area
at location a and Mca is the calculated mass per unit area at location a.
As tephra deposits contain more information than deposit thickness alone, namely the
grain size distribution of the deposit, we decided to run the inversion technique based on
grain size data at each location. Basically, we divided the total tephra accumulation for
a given location into an accumulation of particles for each grain size class (at 1φ interval)
according to the grain size distribution obtained by sieving the tephra deposit at each
location. We then inverted those data to find the best-fit eruption parameters that would
reproduce best the observed accumulation by grain size on the ground.
2.5.1 Erupted mass
Mass, and hence volume of the eruption, can be estimated from the inversion and
compared with volume estimated based on the curve-fitting methods described earlier. All
non-linear inversion methods can be sensitive to local minima. To avoid this issue, we plot
a two-dimensional space represented by the column height vs. total mass (Figure 2.11).
We invert the measured BF2 tephra deposit by using different ranges of input parameters
(Table 2.2). The total mass was incremented by 0.2 log of the mass (from 10.6 to 12.4 log
29
0100
200
300
400
M
od
el
ed
 a
cc
um
ul
at
io
n 
(k
g/
m
2 )
0 100 200 300 400
Observed accumulation (kg/m2)
Figure 2.10. Comparison between the observed tephra accumulation on the ground and
the calculated tephra accumulation from one of the best-fit inversion results on the BF2
thickness at each locality. The diagonal black line represents the optimal case, when the
model equals the actual accumulation.
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Table 2.2. Example of input parameter ranges for the inversion and output example from
the inversion.
Modeled Parameters Input min. Input max. Output Units
Maximum Column Height 26000 28000 27101 (m)
Total Ejected Mass 1.58× 1011 2.51× 1011 2.50× 1011 (kg)
Log(Total Ejected Mass) 11.2 11.4 11.398 -
Mean Particle Size (Mdφ) -2.0 2.0 -0.2 (φ)
Std. Deviation of Particle Size (σφ) 1.0 3.0 2.0 (φ)
Diffusion Coefficient 0.1 100000 92066.1 (m2 s−1)
of the mass), and the column height was incremented by 2 km, from 8 to 40 km. The result
of the inversion investigation of the column height-mass space is presented in Figure 2.11.
Our investigation of this two-dimensional space shows that there is a non-unique solu-
tion in terms of column height and total mass erupted for the BF2 layer from the inversion
of total tephra accumulation on the ground at each location. Indeed, the column height
vs. log(mass) space shows an area of possible eruption parameters that describe the BF2
tephra deposit equally well. However, our model shows that the total mass of the eruption
is relatively well-constrained between 2.5×1011 kg and 4×1011 kg, corresponding to about
0.25−0.4 km3, assuming a bulk density of the deposit of 1000 kg m−3 (in good agreement
with field-measured bulk densities [920 ± 80 kg m−3]). Conversely, the column height shows
a wide range of possible solutions, from a height as low as 8 km and up to about 40 km.
These results primarily arise from the sample distribution, which is limited by the outcrop
distribution (a general problem in studying prehistoric eruptions).
By adding together all of the simulations by grain size, it is then possible to reconstruct
the total mass of tephra erupted that deposited the BF2 layer. The total mass calculated
by the inversion on grain size for the BF2 layer is 5×1011 kg, which corresponds to a volume
of 0.5 km3(assuming a bulk density for the BF2 deposit of 1000 kg m−3), which agrees well
with the total volume predicted by the inversion on the total tephra accumulation at each
location (0.25−0.4 km3) and narrows the range of total volume estimated with curve-fitting
techniques (0.3−1.0 km3).
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Figure 2.11. 2-D space of input parameters for the inversion on the BF2 thickness. Plot
showing the column height vs. log(mass). The black dot represents solutions with a
RMSE> 100.
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2.5.2 Column height
Inverting tephra accumulation did not uniquely constrain the column height, as column
heights ranging from 8 km to 40 km give solutions that equally reproduce the observed
deposit (Figure 2.11). In contrast, the inversion on individual grain size classes proves
especially useful for constraining the column height. By inverting on grain size, that is
the mass per unit area of individual size classes, ambiguity is removed that stems from
uncertainty in grain size, and hence particle fall velocity.
A first set of results from the inversion on grain size is shown in Figure 2.12, where we
compared the calculated accumulation versus the observed accumulation for three different
grain sizes (-3φ, 0φ and 2φ). Figure 2.12 suggests that our inversion model based on grain
size data does a reasonably good job in reproducing the observed deposit. In fact all the
points lie relatively close to the ideal model represented by the thick line with a slope of
1.0. Note that, although we do not present all the results here, the results for other grain
size classes (from -7φ down to < 4φ) show the same good fit between modeled and observed
data.
The column heights obtained from the inversion on the different grain size classes are
presented in Table 2.3, along with the diffusion coefficients found from the inversions on
grain size to model the sedimentation of each phi class with TEPHRA2. Excluding the -7φ,
4φ and > 4φ size classes, we recorded no significant variation in column heights (24 km
to 30 km, Table 2.3) as a function of grain size, indicating no difference in the release
heights for the different particle sizes. This observation might lead to the conclusion that
the eruptive column is well-mixed, contradicting the ”envelope approach” of modeling the
eruption column of Carey and Sparks (1986), although it might also represent an artifact
or the resolution limit of the model. In fact, the inversion cannot resolve the different
heights of particle release, while another approach (Bursik et al., 1992b) described later
in the text will allow this distinction. The column height obtained for the -7φ class is
20 km a.s.l., and therefore could represent a lower release height for bigger particles. But
the model for the -7φ (and to a smaller extent, for the -6φ as well) is not well constrained,
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Figure 2.12. Comparison between the observed tephra accumulation on the ground and the
calculated tephra accumulation from the improved-inversion results on the BF2 grain size
at each locality. Results shown are for three different grain sizes at each location: (a) the
-3φ grain size; (b) the 0φ grain size and (c) the 2φ size fraction.
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Table 2.3. Output from the inversion on grain size, and the uncertainty analysis. GS: grain
size, Ht: column height, DC: Diffusion Coefficient, FTT: Fall Time Threshold.
GS
(φ)
Ht (m) Mass (kg) DC
(m2 s−1)
FTT
(s)
Uncertainty
Ht (m)
Uncertainty
Mass (kg)
-7 19498 2.57× 1010 4002.6 311.8 24630 ± 4750 2.78± 1.91× 1010
-6 27976 3.23× 109 27260.1 5262.8 28500 ± 1850 4.36± 0.03× 109
-5 26878 1.05× 1010 75193.0 333.7 27700 ± 2550 9.89± 1.64× 109
-4 25782 1.14× 1010 53585.0 9514.2 29250 ± 1400 1.75± 0.10× 1010
-3 27792 1.73× 1010 46045.2 1687.7 29410 ± 1380 2.38± 0.07× 1010
-2 29894 2.15× 1010 27992.5 2185.8 29870 ± 230 2.65± 0.04× 1010
-1 29872 3.34× 1010 36003.2 3532.1 29710 ± 452 4.19± 0.40× 1010
0 29747 4.92× 1010 16204.9 9921.4 29770 ± 290 5.00± 0.20× 1010
1 28113 9.12× 1010 33354.0 2200.0 28180 ± 930 9.11± 0.60× 1010
2 24000 1.36× 1011 95984.0 2026.1 21336 ± 90 1.08± 0.01× 1011
3 25732 9.37× 1010 29661.3 1039.1 20850 ± 760 5.07± 0.60× 1010
4 10185 3.74× 109 7291.3 3592.8 n/a n/a
>4 10008 9.60× 1010 23517.9 659.1 n/a n/a
because the low number of locations where -7φ particles sedimented (only two locations
in the most proximal areas). Furthermore, these clasts might have fallen off early from
the margin of the volcanic plumes. In contrast to coarser particle models, the column
heights for the 4φ and > 4φ particle sizes show a low column height (about 10 km a.s.l.).
We suspect this difference is attributable to the overall proximity of all our locations (all
closer than 35 km from the vent). Therefore we are missing much of the fine fraction of the
deposit, which is likely to have been sedimented further away from Pululagua (volcanic ash
from the 2450 BP eruption of Pululagua has been identified on the coast, Patty Mothes,
personal communication).
Using the models by grain size, it is possible to reconstruct the grain size distribution
at each sample site and to compare these with the observed grain size distributions (Fig-
ure 2.13). The modeled grain size distribution at the different localities shown in Figure 2.13
mimics the observed grain size characteristic of the actual BF2 layer. However, the -5φ
and especially the -6φ and -7φ for the two more proximal localities are not well modeled
by our inversion approach on grain size data. This may be a consequence of the sparseness
of big particles in the deposit (especially for the -7φ fraction) or the sedimentation from
the plume margins, which is not well described in the TEPHRA2 model.
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Figure 2.13. Reconstruction of the modeled grain size distribution (accumulation in kg
m−2) in red and comparison with the actual grain size distribution from field data, in
black, for localities from proximal to medial, along axis 1.
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2.5.3 Total grain size distribution
The inversion of grain size data also yields an estimate of TGSD of the BF2 layer
(Figure 2.8f), and it can be compared to the field-based TGSDs (Figure 2.8a-e and g-h)
discussed previously. Although the TGSD obtained from the inversion of grain size seems to
underestimate the amount of coarse particles compared to the various averaging techniques
considered (from simple unweighted average to the Voronoi tessellation; Table 2.1), the
results are in reasonable agreement. The coarser Mdφ predicted by the various averaging
techniques is probably due to the lack of distal locations in our grain size data set, which
creates a bias of the TGSD toward coarser particles. The inversion of grain size does
not show such a bias because it is based on a physical model of tephra dispersion and
sedimentation.
2.5.4 Uncertainty analysis
Uncertainties exist in the determination of eruptive parameters such as the total mass
of tephra erupted or the column height, and are usually not addressed in the literature.
The uncertainty on these parameters can be due to (i) the original data set (i.e. sample
distribution, field observations, erosion of the deposit) and (ii) the model used to infer
eruptive parameters. In order to explore and assess these uncertainties, we used a mod-
ified version of a smoothed bootstrap approach developed by Press et al. (1992), which
in turned was based on the bootstrap methods proposed by Efron and Tibshirani (1991).
We assumed that the original data set contains a representative distribution of sample
locations and the accumulation measurements at each site are true values. Furthermore,
we also assumed that the TEPHRA2 model is able to accurately reproduce the observed
accumulation on the ground. Then, we randomly selected a location within a square kilo-
meter around each original sample location (the pseudo set of points) and calculated the
predicted accumulation for each new location using the forward solution of the TEPHRA2
model (using eruptive parameters drawn from the inversion on single grain classes). We
applied the inversion technique using this new set of data points to calculate a new set
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of eruptive parameters that reproduce the pseudo set of points. Our approach follows the
bootstrap theory as we are re-sampling the original set of sample locations to derive a new
one and it is smoothed because the new accumulation value at each point is calculated
from the forward solution of the TEPHRA2 model rather than sampled from a subset of
the original sample locations. This approach has been repeated 50 times on the total accu-
mulation and for each grain size class (from -7φ to 3φ) following a Monte Carlo approach.
We did not perform the analysis for the 4φ and > 4φ grain sizes because of the lack of
control in the original inversion on grain size (see above). Our analysis yields a mean
total erupted mass of 4.5 ± 0.3 × 1011 kg and a mean column height of 30 ± 3 km (with
a range between 20 km and 33 km). Results for individual grain size classes are presented
in Table 2.3 (uncertainties given at one standard deviation from the mean). Results from
the uncertainty analysis compare well with the results from the inversion on original field
data, except for the 2φ and 3φ fractions, for which the mean column height calculated by
the smoothed bootstrap method yields lower estimates in the column heights.
2.6 Mass discharge rate and eruption duration
Papale and Rosi (1993) proposed a magma discharge rate of 2 × 108 kg s−1, using the
model of Sparks (1986), for the BF layer based on the maximum grain size data collected
on the coarsest part of the BF deposit, which we defined in this paper as being the BF2
layer. By using this magma discharge rate and the total mass calculated from the empirical
methods discussed above, we obtained an eruption duration of about 37 ± 13 minutes for
the BF2 layer, a relatively short-lived eruption.
We used three different models to calculate the magma discharge rate (MDR) of the
BF2 layer (Sparks, 1986; Wilson and Walker, 1987; Sparks et al., 1997). From the MDR,
we then calculated the eruption duration based on the mass resulting from the inversion
analysis (2.5 − 5.0 × 1011 kg). The model of Sparks (1986) for a tropical atmosphere
yields a MDR of 6.2 ± 3.8 × 107 kg s−1, resulting in an eruption duration of 194 ± 153
minutes, assuming a magma eruption temperature of 1000◦C and a magma density of
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2400 kg m−3. Calculations made using the model of Wilson and Walker (1987) yield a
MDR of 1.8 ± 0.8 × 108 kg s−1 and an eruption duration of 50 ± 34 minutes. Finally,
values of MDR and eruption duration resulting from the application of the model of Sparks
et al. (1997) are 1.2± 0.5× 108 kg s−1 and 72 ± 47 minutes, assuming a magma density of
2400 kg m−3. The values of MDR and eruption duration calculated here are smaller and
larger respectively compared to the values calculated by Papale and Rosi (1993), because
the column height used to derive the MDR is higher (32 km compared to our 24−30 km
range), resulting in higher MDR and shorter eruption durations.
2.7 Particle path
The inversion of grain size yielded another interesting output: the best-fit wind profile
to model each grain size, represented in Figure 2.14 as a compilation of rose diagrams
showing the wind direction and speed at each atmospheric level for each grain size. Each
atmospheric level has a thickness of 270 m. We used the wind profile for each grain size
to calculate the particle paths during their fall from the height of release (obtained from
the inversion on grain size) to their deposition on the ground. Our calculations used the
different settling velocity equations corresponding to the different fall regimes, as described
by Bonadonna and Phillips (2003) as well as a height-dependent atmospheric density profile
following an exponential decay relationship with height:
ρg = 1.25
(−z
8.2
)
(2.2)
with ρg (kg m−3) being the air density and z (km) the elevation above sea level.
The results of our particle path modeling are shown in Figure 2.15. Clasts of the -7φ,
-6φ, -5φ and -4φ fraction seem to have followed a southward trajectory, while the -3φ
fraction followed a southwestward path, in between the previous and following group of
particles. Particles ranging from -2φ to 4φ (with the exception of the 3φ fraction) show
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Figure 2.14. Wind rose diagram from the inversion on individual grain size classes from
the -7φ (a) to 4φ (l) size classes, indicating the direction to which the wind is blowing at
each atmospheric level. Unit bars represent the wind velocity (m s−1).
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Table 2.4. Input parameters for a forward solution for the BF2 layer using the TEPHRA2
model. See Figure reffig2-1b for abbreviations.
Input Parameter Value Units
Maximum Column Height 27000 (m)
Total Ejected Mass 2.50× 1011 (kg)
Mean Particle Size (Mdφ) -0.2 (φ)
Std. Deviation of Particle Size (σφ) 2.0 (φ)
Diffusion Coefficient 92066 (m2 s−1)
a dispersion toward the west west-northwest. In conclusion, this approach of looking at
the modeled particle trajectory from the inversion on individual grain size confirmed the
observations drawn from the isomass maps on single grain size classes (Figures 2.5 and
2.6), the isopach map (Figure 2.7a) and the iso-Mdφ map (Figure 2.7b) that the overall
dispersion of the BF2 layer is toward the west.
2.8 Forward modeling
By compiling all of the eruption source parameters from this study (see Table 2.4), we
could ultimately run a forward solution for the BF2 layer using TEPHRA2. The result
is shown in Figure 2.16, and the slight dispersion toward the southwest is also clearly
visible. This forward solution compares favorably with the isopach map presented in this
study (Figure 2.7a) and shows a slight distortion of the contour lines toward the southwest,
confirming previous observations.
2.9 Plume dynamics
2.9.1 Corner position
We use grain size data along the three axes (Figure 2.1b) mentioned previously to
investigate the variation of accumulation of individual grain size classes with distance from
the vent. Instead of using the accumulation per unit area, we followed the example of
Bursik et al. (1992b) and calculated the accumulation per unit distance (kg m−1) at any
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Figure 2.15. Particle paths from the height of release above the vent (red triangle) down
to sedimentation on the ground, calculated from wind advection using the results from the
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given locality by multiplying the mass accumulated by unit area by the perimeter length
of the circular isopach contour that passes through this locality (Figures 2.17, 2.18, 2.19).
A fifth-order polynomial has been fitted to field data to calculate the horizontal distance
of the maximum in accumulation on the ground of each individual grain size classes.
From Figures 2.17, 2.18 and 2.19, we can observe that the accumulation of particles from
64 mm to 32 mm decreases away from the vent, for the three axes of interest in this study.
This pattern reflects particles falling out of the plume margins. The transition from a
sedimentation from the plume margins to a sedimentation from the umbrella cloud occurs
for particles between 32 mm and 16 mm, for the SW and ESE axes, and for the 16 mm
particles for the SE. Clasts ranging between 8 mm and 2 mm grain size classes display first
an increase in accumulation per unit distance, reach a maximum and then decrease away
from the vent. The maximum is associated with the plume corner and can be determined
using a 5th order polynomial function fitted through field data: 7 km for the ESE axis and
10 km for the SE and SW axes. This is in the same range of distances found for the Fogo A
eruption (6.8−8.0 km) characterized by a column height of 21−27 km (Bursik et al., 1992b).
For particles smaller than 2 mm, a secondary maximum in accumulation can be identified
down to the 125µm and 63µm fraction, especially for the ESE and SE axes, while it is
not clearly defined along the SW axis. This secondary maximum is located about 17 km
from the vent for both axes. Bursik et al. (1992b) also showed a secondary maximum
for particles sizes of 1 mm and 0.5 mm, also located around 17 km from the vent. As for
the SW axis, there is no clearly defined secondary maximum, probably because it may be
located beyond our area of observation. This result combined with the different positions
of the plume corner along the different axes lead us to think that a westward dispersion
of the deposit has occurred, shifting the position of the plume corner on the ground from
7 km to 10 km from the ESE axis to the SW axis and shifting the position of the secondary
maximum outside the range of observation for the SW axis. In addition, a corner of 7 km
results in a maximum column height of 29 km (Bonadonna and Phillips, 2003), whereas a
corner of 10 km would result in a maximum plume height of 42 km, which is not realistic,
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Figure 2.17. Mass accumulation per unit distance (kg m−1) of particles in grain size classes
from 64 mm to 63µm (-6φ to 4φ, respectively) for axis 1 (ESE axis) defined in Figure 2.1b.
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Figure 2.18. Mass accumulation per unit distance (kg m−1) of particles in grain size classes
from 64 mm to 63µm (-6φ to 4φ, respectively) for axis 2 (SE axis) defined in Figure 2.1b.
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Figure 2.19. Mass accumulation per unit distance (kg m−1) of particles in grain size classes
from 64 mm to 63µm (-6φ to 4φ, respectively) for axis 3 (SW axis) defined in Figure 2.1b.
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and therefore indicates a shift due to the wind. The shift of the corner from 7 km to 10 km
could be due both to a wind effect and to an asymmetrical sedimentation from the plume
margins (e.g. Houghton et al., 2004), as suggested by Figures 2.5 and 2.6 where mainly the
coarse fraction shows a main dispersal to the SE.
2.9.2 Strong plume model
We applied the 1D tephra dispersal model developed by Bonadonna and Phillips (2003)
for strong volcanic plumes. We used the Voronoi TGSD resulting from the first data set
(only the actual field data) and for a zero accumulation line at 200 km away from the vent
(Figure 2.8h). The strong plume model was used to: (i) investigate the thinning trend
of the tephra deposit, which can give important insights into the empirical models used
for the determination of erupted volume and (ii) investigate the sedimentation dynamics
of volcanic particles. Figure 2.20 shows a good fit of the normalized isopach thicknesses
with the thinning trend from the strong plume model for a plume height of 20 km a.s.l.
In Figure 2.20, we also reproduced the exponential decay and power-law models for the
whole data set (including the 1 and 2 cm isopach data). This latter approach shows a
good comparison between the power-law thinning trend, including the 1 and 2 cm isopach
data, and the thinning trend from the model. Therefore our volume estimates from the
power-law method, including the 1 and 2 cm isopachs, of about 0.4 km3 seems reasonable.
A column height of 20 km is constrained here in order to reproduce the thinning trend
observed in the field.
Furthermore, the strong plume model also predicts the fraction of particles from the
different fall regimes (turbulent, intermediate and laminar) to settle on the ground (Fig-
ure 2.20). The turbulent regime includes particles having a Reynolds Number (Re)≥ 500,
the intermediate regime includes particles with 6 ≤ Re < 500, while the laminar regime
is defined by particles having a Re < 6 (Bonadonna and Phillips, 2003). The variation of
the different fallout regimes can be used to determine the position of the break-in-slope in
the thinning trend (Bonadonna et al., 1998). The position of the first break-in-slope in the
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Figure 2.20. Results of the strong plume model for a plume height of 20 km. Triangles
are field data. The thick solid line is the thinning trend predicted by the model using the
TGSD from the Voronoi method with a zero accumulation line at 200 km; the solid line is
the exponential decay model; the dashed line is the power-law model; the thin solid, dotted
and dashed lines represent the proportion of particles falling from the umbrella cloud in
the turbulent, intermediate and laminar regime, respectively.
thinning associated with the sedimentation from the umbrella cloud (between Segments 1
and 2) is defined by the distance at which the proportion of turbulent particles falls to near
zero and the position of the second break-in-slope (between Segments 2 and 3) is defined
by the location where > 60% of the particles falls in the laminar regime. From Figure 2.20,
the first break-in-slope should be located at a distance of ≈ 28 km (√area /√pi) from the
vent and the second one at ≈ 60 km. The absence of a clearly defined break-in-slope in our
field data (Figure 2.7a and 2.20) at ≈ 28 km (corresponding to ≈ 50 km √area) is due to
the limit of observation of the BF2 layer.
Finally, we also used the strong plume model to compare the observed and predicted
accumulation of tephra on the ground for the BF2 layer along the three different axes
(Figure 2.21). The discrepancy between the observed accumulation (black triangles) and
the modeled accumulation (white triangles, grey triangles and grey circles) is probably due
to the predicted terminal velocity of the associated particles. In fact, the set of terminal
velocities used could overestimate the real terminal velocities mainly for two reasons: (i)
because the terminal velocities are calculated on the assumption of spherical particles and
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(ii) because the total grainsize distribution used is fine depleted. In order to investigate
the second option we have also plotted the results for a simulation carried out using the
total grainsize distribution of the 1980 eruption of Mount St Helens (Carey and Sigurdsson,
1982) (Mdφ = 4.7φ and σφ = 2.3φ). Such a simulation shows a better agreement with field
data (grey squares), confirming that the strong plume model of Bonadonna and Phillips
(2003) is very sensitive to the choice of the total grain size distribution and that the field-
derived total grain size distribution of the BF2 layer is probably fine depleted due to the
lack of distal samples.
2.10 Discussion
2.10.1 Statistical vs. numerical determination of eruptive parameters
The total erupted mass obtained using the exponential fitting model of Pyle (1989)
(i.e. 3× 1011 kg) and the power-law fitting model of Bonadonna and Houghton (2005) (i.e.
5 ± 1.5 × 1011 kg) compare well with the total erupted mass obtained from our analytical
analyses using the TEPHRA2 model (i.e. 4.5 ± 0.3 × 1011 kg). This value is smaller than
the one proposed by Papale and Rosi (1993) of 1.1 km3 (equivalent to 1.1 × 1012 kg with
a deposit bulk density of 1000 kg m3), and the one proposed by Pallini (1996) of 0.5 km3
(equivalent to 5× 1011 kg with a deposit bulk density of 1000 kg m3). These discrepancies
are due to the fact that Papale and Rosi (1993) studied the BF deposit as a whole (including
the BF1 layers that show a NE dispersion, BF3 and WA), and Pallini (1996) included the
BF2 and the BF3 layers in his calculation, while we focused only on the climactic phase of
the eruption (BF2 layer). It is also worth mentioning that the isopach map proposed by
Pallini (1996) for the BF2 and BF3 layers together shows a slight dispersion toward the
west. Volume calculations using the power-law method (including all the isopach data)
also match well with the thinning trend from the strong plume model of Bonadonna and
Phillips (2003) (Figure 2.20). Furthermore, the thinning trend from the strong plume
model can be used to choose the outer integration limit for the power-law method, instead
of using an arbitrary value. Assuming we want to know the volume of tephra ejected
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Figure 2.21. Comparison between the observed accumulation on the ground (black trian-
gles) and the predicted accumulation on the ground from the strong plume model, using
(i) the TGSD from the Voronoi analysis and a zero accumulation line at 50 km (white tri-
angles), (ii) the TGSD from the Voronoi analysis and a zero accumulation line at 200 km
(grey triangles) and (iii) the TGSD from the inversion on grain size data (light grey cir-
cles). For further comparison, we used the TGSD from the 1980 eruption of Mount St.
Helens (grey squares). The three plots represent (a) the ESE axis, (b) the SE axis and (c)
the SW axis of Figure 2.1b.
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within the 1 mm isopach, from Figure 2.20 (tephra accumulation = 1 kg m−2, corresponding
to 1 mm of tephra thickness) we found that the square root of the area enclosed within
the 1 mm isopach is ≈ 180 km. This value agrees well with the 100−200 km used in the
TGSD calculations with the Voronoi technique and with the outer integration limits used in
volume calculations based on the power-law technique and yielding a total erupted volume
of 0.3−0.5 km3, depending on which power-law model is used (including or excluding the
1 cm and 2 cm isopach, respectively).
As noted from the total grain size distribution analysis, the BF2 layer is lacking the fine
part of the grain size distribution. The missing fine particles might have settled with the
successive layers (BF3 and/or WA) or, more probably, might have been blown downwind
by the slight wind conditions at the time of the eruption of the BF2 layer. Since the fine
particles are missing, the total erupted mass calculated represents a minimum estimate of
the total mass of the BF2 layer.
Column height determination by Papale and Rosi (1993) and Pallini (1996) yielded
heights ranging from 21 km (for the -6φ fraction) up to 36 km using the CS method and 28
km using the model of Pyle (1989), with an average accepted value by the later authors
of 32 km. Inverting on the total accumulation at each sample location did not improve
the solution in the column height determination, as column heights ranging from 8 km to
40 km would reproduce the observed accumulation on the ground (Figure 2.11). However,
inverting on individual grain size classes narrows the range of solutions for the column
height to 27± 3 km, which compares relatively well with the results from empirical methods
used by Papale and Rosi (1993) and Pallini (1996). The strong plume model of Bonadonna
and Phillips (2003) reproduces relatively well the thinning trend and particle fractions of
each sedimentation regime for a column height of 20 km. This height is slightly lower than
all of the other estimates, excepting the inversion on the -7φ fraction and CS method on the
-6φ fraction. However, the column height obtained from the strong plume model is lower
compared to the one obtained from CS and the inversion method because it represents
an average column height, while the column height calculated using CS and resulting
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from the inversion on the grainsize, represents a maximum. Bursik et al. (1992b) found
a discrepancy between the height calculated from grain size data and the height from CS
(21 km and 27 km, respectively), a discrepancy very similar to the one between the results
from the strong plume model, and the CS and inversion technique on grain size. It is also
worth noting that the CS approach on the -6φ fraction yields a column height of 21 km, close
to the one resulting from the inversion on the -7φ fraction (20 km, see Table 2.3). Column
heights calculated from the model of CS with the -6φ clasts yield an underestimate of the
column height because these clasts fall from the plume margins, and this is true too for
the coarser clasts as well, such as the -7φ modeled with the inversion on grain size data.
The strong plume model of Bonadonna and Phillips (2003) is very sensitive to the
choice of the TGSD (Figure 2.21). Although the TGSD of the 1980 eruption of Mount
St. Helens (1980 MSH) seems to better reproduce the observed accumulation on the
ground, it cannot be used in this study because of the strong fines input from co-ignimbrite
activity. Nevertheless, this comparison points out that the TGSD calculated from field-
derived techniques is fine-depleted and from Table 2.1, we can calculate (from Technique
D, Voronoi - 200 km and 1980 MSH) that the amount of ash and fine ash required to better
reproduce the observed accumulations on the ground is ≈ 20% and ≈ 50%, respectively.
The lacking fine particles within the BF2 layer might be present in the BF3 and especially
in the WA or just at a greater distance from the vent, beyond our sampling area.
The results drawn from the uncertainty analysis using a smoothed bootstrap method
shows that the uncertainty in the determination of the total erupted mass (4.5 ± 0.3 ×
1011 kg) and column height (30± 3 km) is in the range found from the inversion on total
accumulation (2.5 − 4 × 1011 kg) and individual grain size classes (27± 3 km). However,
the results for the 2φ and 3φ fractions show a lower estimate of the column height resulting
from the uncertainty model compared to the results from the inversion on these grain size
classes. This might be due to the lack of more distal deposit which would have improved the
spatial resolution of our data set, resulting in a more robust correlation with the inversion
on grain size. Furthermore this approach shows that inverting tephra deposits on grain size
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rather than on total accumulation gives relatively good answers (with comparatively lower
uncertainty) in terms of both total erupted mass and eruption column height, because the
settling velocity of particles is better constrained.
2.10.2 Plume dynamics
Against what we expected, the inversion on grain size does not show any difference in
particle release heights (except maybe for the -7φ, with reservations about the validity of the
inversion on this data) for the different classes of grain size (Table 2.3). This observation,
combined with the relatively short duration of the eruption, could lead to the conclusion
that the eruptive column was well-mixed, contradicting the ”envelope model” of CS, and
that the explosive eruption was more a transient rather than a sustained event. However,
the variation in accumulation per unit distance of each individual grain size with distance
from the vent for the three axes studied in this paper (Figures 2.17, 2.18 and 2.19) resolves
this problem. In fact, these figures clearly show that particles from the 64 mm and 32 mm
(-6φ and -5φ, respectively) fractions are falling from the plume margins and therefore do
not reach the top of the eruptive column and the umbrella cloud. The transition from a
sedimentation from the plume margins to a sedimentation from the umbrella cloud occurs
in between the 32 mm and 16 mm fraction (-5φ and -4φ, respectively) and clasts of the 8 mm
(-3φ) fraction and smaller are clearly sedimenting from the umbrella cloud. Therefore, the
lack of consistent variations in column height for individual grain size from the inversion
cannot be linked to plume characteristics, probably because the variations observed are
outside the resolution limits of the model.
The secondary maximum located at ≈ 17 km from the vent (Figures 2.17, 2.18 and 2.19)
observed in the accumulation per unit distance for particles smaller than 2 mm (1φ) was
already observed but not discussed by Bursik et al. (1992b) and could be attributed to
(i) convective instabilities, (ii) aggregation (although not observed in the deposit), (iii)
preferential fallout of crystals (also considering that BF is crystal rich as observed by
Papale and Rosi, 1993) or (iv) hydrometeor formation in the cloud (Durant et al., 2009).
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However, convective instabilities, aggregation and hydrometer formation should also result
in polymodal grain size distribution which is not observed at this distance from the vent
(Figure 2.3d), although a slight secondary population of fine ash (up to 4 wt.% at 17 km
from the vent) with a mode around 6φ seems to appear. The secondary maximum could
also be explained by a change in the sedimentation regime, from particles mostly falling
in the turbulent regime to particles falling mostly in the intermediate regime. In fact,
according to the prediction of the model of Bonadonna and Phillips (2003) there is already
a strong predominance of particles falling in the intermediate regime at≈ 17 km (0.9 vs. 0.1,
fraction for particles falling in the intermediate and turbulent regime respectively), even
though a clear break-in-slope between turbulent and intermediate regime in the global
thinning trend is shown only when the number of high-Reynolds-number particles falls to
near zero (Bonadonna et al., 1998), at a distance of ≈ 28 km for the BF2 layer (Figure 2.20).
2.10.3 Diffusion coefficient
Diffusion coefficients used in tephra dispersal models are not true atmospheric diffusion
coefficients, which are usually on order of 3 m2 s−1, but represent apparent values. Complex
plume and atmospheric processes are collapsed into this single parameter to simplify tephra
dispersion models, but may ignore processes that can affect tephra dispersion.
An important result from the inversion on each grain size identifies large values for
diffusion coefficient (values> 15,000 m2 s−1, see Table 2.3), which are higher than values
typically used in advection-diffusion models (i.e. 1−6000 m2 s−1, Bonadonna et al. (2005a)
for the TEPHRA2 model and Hurst and Turner (1999) for the ASHFALL model). Smaller
values of the diffusion coefficient will not model the accumulation of coarser particles away
from the vent as observed on the field (Figure 2.13). We suggest that large values of
the diffusion coefficient are necessary to describe the gravitational spreading in a no-wind
condition.
Table 2.3 shows the fall time thresholds (FTT) found in our inversion of grain size. In
the TEPHRA2 model, if the total particle fall time is smaller than the FTT, diffusion is
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linear (Fickian law, for coarse particle) and strongly depends on the diffusion coefficient.
Otherwise, diffusion follows a power-law relationship and does not depend on the diffusion
coefficient (for small particles). Our results show that larger particles (< -1φ) have rela-
tively high FTT, and therefore will diffuse mainly following Fick’s law, since the total fall
time of particles is likely to be smaller or similar to the FTT. The diffusion of these par-
ticles is strongly dependent on the value of the diffusion coefficient. For smaller particles,
the FTT is likely to be smaller than their total fall time, and therefore will experience a
shift in diffusion law during fall (from linear to power-law). Therefore, the value of the
diffusion coefficient for smaller particles is not as important in particle dispersion as for
larger particles.
Another important observation made during the inversion process was that it was
possible to model the BF2 deposit with a smaller diffusion coefficient but a higher total
erupted mass. Therefore, using a small value for the diffusion coefficient when inversion on
tephra-thickness data is applied only on proximal and medial locations might overestimate
the total mass of the deposit. In contrast, modeling on individual grain size classes will
help avoid this possible issue.
2.10.4 Wind or no wind?
The circularity of the deposit along with the occurrence of the White Ash layer strongly
suggests nearly still atmospheric conditions at the time of the eruption. Nevertheless, the
isopach map, the Mdφ contour map, the isomass maps for individual grain sizes and the
inversion on grain size show a general dispersion toward the southwest, indicating that a
light wind profile was present at the time of the eruption of the BF2 layer. The variations
of Mdφ and σφ with distance from the vent for the different axes investigated in this study
(see Figure 2.4) show that the Mdφ and σφ decrease faster toward the ESE than toward the
SW. Therefore, clasts of a given size are transported further away from the vent along the
SW axis than along the ESE axis, probably as a consequence of a slight wind transport.
This observation is emphasized by the shift in the position of the plume corner from 7 km to
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10 km for the ESE and SW axes respectively (see Figures 2.17, 2.18 and 2.19). A corner of
7 km results in a maximum column height of 29 km, whereas a corner of 10 km would result
in a maximum plume height of 42 km, which is not realistic, and therefore indicates a shift
probably due to the wind. Connor et al. (2006b) have demonstrated that the circularity of
tephra deposits can be reproduced in windy conditions (with actual wind data, implying
wind shear) for Cotopaxi volcano (Ecuador). However, we think that the 2450 BP eruption
of Pululagua occurred in very calm atmospheric conditions, because of the presence of the
WA, the position of the plume corner and the modeling of the grain size data proposed
in this study. Results from the inversions of both total accumulation and individual grain
size class (see Figure 2.14) show wind directions mainly toward the south or the west with
speed ≤ 10 m s−1.
The overall circularity of the deposit may be the result of differential dispersion of
individual grain size classes in different directions, as shown by Figures 2.5, 2.6 and 2.15.
Then, the wind might have died out after the deposit of the BF2 (and possibly BF3) to
allow the slow settling of the fine particle composing the White Ash layer. However, the
more irregular isomass contours shown by the coarsest particles (-6φ and -5φ; Figure 2.5)
could indicate an asymmetrical sedimentation from the plume margins towards the south
in agreement with a possible model for proximal sedimentation described by Houghton
et al. (2004). These irregular isomass contours could reflect a mixing of volcanic clasts
falling from different release heights, therefore sedimenting simultaneously from different
transport regimes (the plume margins and the umbrella cloud). Such an asymmetrical
sedimentation is also confirmed by the shift of plume corner shown by grain size data
(Figures 2.17, 2.18 and 2.19).
2.11 Conclusions
Our study of the climactic phase (BF2) of the 2450 BP Plinian eruption of Pululagua
volcano based on field data (both thickness and grain size data), empirical techniques, and
analytical modeling shows that:
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1. Statistical and numerical approaches agree well in the determination of the total
mass of erupted tephra and yield a statistical total erupted mass of 5± 1.5× 1011 kg and
a numerical total erupted mass 4.5± 0.3× 1011 kg of for the BF2 layer.
2. Inverting tephra fallout deposit on the total accumulation (or thickness) gives a
good constraint on the total mass erupted but not on the column height. By inverting on
individual grain size classes, the possible range in column heights that can reproduce the
deposit is better constrained.
3. The plume had a height of 36 km, 28 km, 27± 3 km and 20 km when determined
using the model of Carey and Sparks (1986), Pyle (1989), from the inversion on individual
grain size data, and using the model of Bonadonna and Phillips (2003) respectively. The
empirical models and the inversion on grain size yield a maximum column height, while
the strong plume approach yields an average column height, resulting in lower elevations.
4. Total grain size calculations (TGSD) for the BF2 layer are strongly dependant on
the number and distribution of sample locations (as already observed by Bonadonna and
Houghton, 2005) and, to a lesser extent, also to the position of the zero accumulation
line. The TGSD resulting from the Voronoi technique with a zero accumulation line at
100 km and 200 km and the inversion on individual grain size data are in good agreement.
The strong plume model is very sensitive to the TGSD of the deposit. The TGSD of
the BF2 layer is fine-depleted and lacks ≈ 50% of fine ash in order to model the observed
accumulation on the ground.
5. Based on the inversion on single grain size classes, large values of the diffusion
coefficient are necessary to model the BF2 layer. Although smaller values of the diffusion
coefficient can model the deposit relatively well by inverting on thickness (or accumulation)
only, the resulting total mass erupted will be an overestimate of the true mass of the deposit.
This conclusion has to be acknowledged in the modeling of relatively proximal deposits by
using advection-diffusion models. We believe that such high values are necessary to describe
the gravitational spreading of the plume in a no-wind condition.
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6. The inversion on individual grain size classes cannot resolve the difference in particle
release heights, while the approach proposed by Bursik et al. (1992b) shows that the tran-
sition from plume-margin and umbrella-cloud sedimentation occurs for particles between
32 mm and 16 mm, whereas particles ≤ 8 mm mostly fell from the umbrella cloud.
7. Our uncertainty analysis confirmed that inversion on individual grain size classes
rather than total accumulation gives better estimates of the column height, with relatively
low uncertainty on the calculated values. Therefore, integrating grain size data to the total
tephra accumulation in modeling tephra deposits should be considered in future studies.
8. The climactic phase of the 2450 BP Plinian eruption of Pululagua occurred in rela-
tively calm atmospheric conditions, as demonstrated by the occurrence and ubiquity of the
WA layer. However, the isomass maps on individual grain size, the isopach and iso-Mdφ
maps, the inversion on grain size and the results from the strong plume model suggest that
the BF2 dispersion was influenced by a slight north-easterly wind transport (wind speeds
leq 10 m s−1) at the time of the climactic phase of the Plinian eruption. The atmospheric
conditions might then have calmed down even more to accommodate the slow settling of
the fine volcanic particles (< 1 mm) that form the WA layer.
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CHAPTER 3
INFLUENCE OF PARTICLE SHAPE ON TEPHRA DISPERSAL
3.1 Introduction
Explosive volcanic eruptions eject a mixture of hot gases and volcanic particles from
the conduit, including juvenile pumice, crystals and incidental fragments (lithics). This
mixture intrudes the atmosphere and can generate a buoyant volcanic plume reaching
stratospheric levels for the more energetic eruptions, if the conditions for buoyancy are
achieved (i.e. density of the volcanic mixture < density of the surrounding atmosphere).
Volcanic plumes can be defined as either weak or strong plumes if the wind velocity is
greater or smaller respectively, than the vertical velocity of the eruptive column (Sparks
et al., 1997; Bonadonna and Phillips, 2003; Bonadonna et al., 2005b). Once the level of
neutral buoyancy is reached, the volcanic plume rises further due to momentum forces
before spreading horizontally as a gravity current around the level of neutral buoyancy,
forming the umbrella cloud of volcanic plumes (Sparks, 1986; Bursik et al., 1992a; Sparks
et al., 1997; Bonadonna and Phillips, 2003).
Volcanic particles settle out either from the plume margins or from the umbrella cloud.
Sedimentation processes are mainly governed by the terminal settling velocity and wind
advection of volcanic particles, where the terminal settling velocity (Vt) of volcanic particles
is defined as the velocity at which the drag force balances the gravity force, following:
Vt =
√
4gd(ρs − ρf )
3Cdρf
(3.1)
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where g is the gravity acceleration (m s−2), d is the particle diameter (m), ρs is the
particle density (kg m−3), ρf is the fluid density (kg m−3) and Cd is the drag coefficient
(dimensionless). Cd is dependent on both the particle shape and particle Reynolds number
(Re), which is in turn a function of the terminal velocity (Vt), given by the relation Re
= ρfdVt/η, with η being the air viscosity (Pa s). It is well known that irregular particle
shape will greatly increase drag, therefore lowering substantially the terminal velocity of
the volcanic particle.
Since the early studies of terminal velocities of volcanic particles by Walker (1971),
Wilson and Huang (1979) and Suzuki (1983), showing the importance of particle shape on
clast terminal velocities and proposing an empirical relationship between a particle’s shape
and its terminal velocity, no quantitative studies have been made on particle shape and its
influence on terminal velocity of volcanic particles until the recent studies of Riley et al.
(2003), Dellino et al. (2005) and Coltelli et al. (2008).
Riley et al. (2003) showed that the aspect ratio, feret diameter (i.e. the perpendicular
distance between parallel tangents touching opposite sides of the particle) and the perimeter
measurements of a volcanic particle were the most useful in characterizing the influence
of particle shape on its terminal velocity. They also observed that the diameters of ash
particles were 10−120% larger than the equivalent perfect spheres falling at the same
terminal settling velocity.
Following their experimental analysis of volcanic particles from Vesuvius and Campi
Flegrei (Italy), Dellino et al. (2005) proposed an new empirical equation to calculate the
terminal velocity of volcanic particles based on the density, diameter and shape factor of
the particles, completely independent of the drag coefficient (Cd) and the Reynolds number
(Re). Therefore the terminal velocity can be calculated without implementing an iterative
procedure. Dellino et al. (2005) proposed to implement numerical simulations of tephra
dispersion and tephra fallout hazards scenarios based on their approach.
The work of Coltelli et al. (2008) on characterizing the shape of volcanic particles (rang-
ing in size between 0.026 and 1.122 mm) from the December 2002 eruption of Mt. Etna
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(Italy) showed that particle shape parameters are only weakly dependent on particle size.
Furthermore, they also observed that terminal velocities assuming tephra particles as per-
fect spheres were 1.28 times greater than those for which the shape is taken into account,
and that approximating volcanic particles as spheres in calculating their terminal velocities
is reasonable for the smallest particle size they measured (i.e. 4φ fraction).
Finally, Scollo et al. (2005) were the first to actually document direct measurements
of terminal velocities of volcanic particles, using a doppler radar, during the December
2002 explosive eruption at Mt. Etna Italy. Their results showed that measured terminal
velocities were in good agreement with theoretical (i.e. Kunii and Levenspiel, 1969) and
experimental (i.e. Wilson and Huang, 1979) approaches to predict terminal velocities of
volcanic particles.
According to Chhabra et al. (1999), the best method to estimate the drag coefficient
(Cd) of non-spherical particles is the one proposed by Ganser (1993) based on the equal
volume sphere diameter and the sphericity of the particles. The method of Ganser (1993)
is valid for particle with a Re ranging from 10−4 to 5× 105, therefore for the three different
fall regimes (turbulent, intermediate and laminar) described by Bonadonna and Phillips
(2003). Unfortunately, the model proposed by Ganser (1993) is based on morphological
parameters of particles that are not easy to measure. In fact, the PVS device does not
provide such parameters, impeding me to use the model of Ganser (1993).
In tephra dispersal models, regardless of whether volcanic particles are modeled as
perfect spheres (Bonadonna and Phillips, 2003; Connor et al., 2008) or not (Suzuki, 1983;
Pfeiffer et al., 2005; Costa et al., 2006), it is assumed that particle shape does not vary
with distance from the vent. However, intuitively, spherical volcanic particles from a given
size fraction should fall closer to the vent compared to non-spherical clasts. A variation in
shape parameters with distance from the vent should be expected, with the former falling
out of the eruption column earlier and sedimenting closer to the vent than the latter.
Consequently, the goals of this study are to investigate the variation in particle shape
with grain size and with distance from the vent, to use particle shape parameters to quantify
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the changes in the terminal settling velocity, to compare the measured diameter of volcanic
particles with the equivalent diameter of spheres falling at the same terminal velocity and
to investigate the influence of particle shape in tephra accumulation.
3.2 Methodology
Samples analyzed in this study are tephra fall deposits from the climactic phase of the
2450 BP dacitic Plinian eruption of Pululagua volcano, Ecuador. This eruption has been
described and studied by Papale and Rosi (1993) and also extensively in Chapter 2. The
eruption is thought to have occurred in relatively calm atmospheric conditions, resulting
in nearly circular isopach and isopleth maps, therefore has no clearly defined dispersal
axis. The total erupted mass for the main phase of the eruption (the BF2 layer) has been
estimated at 5 ± 1.5 × 1011 kg in Chapter 2, and the column height at 20 km with the
model of Bonadonna and Phillips (2003), 27± 3 km through the inversion of grain size
data, 30± 3 km using a statistical approach and 32−36 km following the model of Carey
and Sparks (1986).
In this study, I analyzed the tephra deposit of the BF2 layer with the PharmaVision
830 (PVS) device to extract shape parameters on single particles from 0φ (1 mm) down to
10φ (1µm) size fractions. Samples of the BF2 layer were dry-sieved down to 4φ, following
normal sieving procedures (Cas and Wright, 1987), and each fraction was then analyzed
with the PVS to obtain shape parameters for each single particle. The fraction < 4φ was
analyzed as a bulk with the PVS and shape measurements were then made for each phi
sizes from 5φ to 10φ.
The PVS is a microscope that scans the sample (previously dispersed on a glass slide),
takes pictures of each single particle and extracts morphological parameters from these
pictures (Figure 3.1). Particles are assumed to have deposited on the glass slide with their
larger surface facing the glass slide and therefore the microscope of the PVS. Morphological
parameters include: mean diameter, diameter (equivalent diameter of a circle having the
same area than the measured particle), maximum distance, width, length, area, volume
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Figure 3.1. Representation of a hypothetical volcanic particle and some of the morphological
parameters measured by the PVS. Mean diameter: the radius (r) from the center of the
mass to the particle perimeter is measured at every pixel on the perimeter. The mean
diameter is then calculated from the mean value of those measurements. Diameter: the
diameter is determined by the diameter of a circle with the same area as the particle.
(derived from area [A] and mean diameter [d] following: v = 2ad/3), roundness and con-
vexity of a given particle. Roundness is a measurement of the length−width relationship,
with a value in the range [0 to 1]. A perfect circle has a roundness of 1.0, while a very
narrow, elongated object has a roundness close to 0. Convexity is defined as the particle
area divided by the area enclosed by the convex hull (an ideal rubber band wrapping the
particle). A convex shape has a convexity 1.0, while a concave shape has a lower value,
closer to 0. The convexity is a measure of particle roughness. This approach is limited to a
two-dimensional analysis of particle shape but has the advantage of analyzing a large num-
ber of particles in a short period of time, therefore allowing for statistically representative
populations to be analyzed.
I analyzed a total of 53 samples collected from the BF2 layer (see Chapter 2) and I
present here the results of this analysis for every sample (and in turn for each grain size
class) and along the three axes described in Figure 2.1b. The particle shape descriptors
used in the present analysis are: (i) the particle aspect ratio (AR) defined by (Riley et al.,
2003) as the length/width of a given particle, (ii) the shape factor (F ) defined by (Wilson
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and Huang, 1979) as F = (b + c)/2a, where a, b and c are the three orthogonal axes
of a given particle with a> b> c (but as the PVS method is a 2-D approach, then the
relationship is a> b= c), (iii) the roundness (R), and (iv) the convexity (C) given by the
PVS.
3.3 Particle shape
3.3.1 Bulk results for each φ class
Results for individual grain size class (including all the samples analyzed) are presented
in Figures 3.2 and 3.3, and in Table 3.1. Figures 3.2 and 3.3 show the frequency distribution
of each shape descriptor defined earlier (AR, C and R) for grain size classes from 0φ to
10φ. These results regroup data for all the samples analyzed for each grain size. Data
for the aspect ratio (AR) shape descriptor are best described by a truncated log normal
distribution (solid line in the left column of Figures 3.2 and 3.3), while the roundness (R)
and the convexity (C) are better described by a truncated normal distribution (solid lines
the middle and right column respectively in Figures 3.2 and 3.3). The shape factor F is
not represented in these figures since it will follow the inverse trend of AR. I observed that
shape factor F is also best described by a truncated normal distribution (as for R and C).
The truncated normal distribution is given by:
t(x) =
f(x)
cdf(n) − cdf(m)
(3.2)
where f(x) is the probability density function for a normal distribution, and cdf(m) and
cdf(n) are the values of the cumulative distribution function at m and n, respectively the
lower and upper values of the truncation (with m < x < n). For the shape descriptors C
and R (and F ), the normal distribution will be truncated between [0,1], as values smaller
than 0 and greater than 1 are not possible for these shape descriptors. The truncated log
normal distribution is given by:
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T(x) =
F(x)∫ n
mF(x) dx
(3.3)
where F(x) is the probability density function for a log normal distribution and m and
n are the lower and upper values of the truncation respectively (with m < x < n). For
the AR shape descriptor, the lognormal distribution will be truncated between [1,∞] as
values smaller than 1 are not possible for the AR shape descriptor (it would mean that the
particle length is shorter than the particle width).
It is worth noting that the finer the grain size, the wider the distribution, especially
for particles ≥ 8φ. Furthermore, 10φ particles depart substantially from the proposed
distributions and seem not to follow any type of distribution. This observation might be the
consequence of the resolution limit of the PVS device, which is about 1µm. Therefore data
for the 10φ and possibly 9φ fractions might not be reliable due to the device limitations.
The two types of distribution fitted through the data (truncated normal and truncated log
normal distributions, equations 3.2 and 3.3 respectively) will be used later in the analysis
to investigate the influence of particle shape on the sedimentation of volcanic ash.
3.3.2 Results as a function of each φ class and distance from the vent
I also investigated the variation of grain shape as a function of grain size class and
distance from the vent along the three axes described in Figure 2.1b for the BF2 layer
of Pululagua volcano. Results are presented in Figures 3.4, 3.5 and 3.6, where the left
columns show the variations of shape descriptors as a function of the grain size for each
sample location and the right columns present the variations of shape descriptors as a
function of the distance from the vent for each grain size class. Figures 3.4, 3.5 and 3.6
show that, for each of the three dispersal axes used in this analysis (see Figure 2.1b), there
are few variations in the different shape factor with respect to distance from the vent,
except for the 9φ and 10φ fractions. Therefore, it seems that particle shape remains fairly
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Figure 3.2. Frequency distributions of the aspect ratio (AR), convexity (C) and roundness
(R) for different grain size classes) from 0φ to 5φ. A truncated lognormal distribution has
been fitted to the aspect ratio (AR) data and a truncated normal distribution has been
fitted through the convexity (C) and roundness (R) data for each grain size classes.
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Figure 3.3. Frequency distributions of the aspect ratio (AR), convexity (C) and roundness
(R) for different grain size classes) from 6φ to 10φ. A truncated lognormal distribution has
been fitted to the aspect ratio (AR) data and a truncated normal distribution has been
fitted through the convexity (C) and roundness (R) data for each grain size classes.
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Table 3.1. Mean (µ), 1σ standard deviation (Std) and number N of particles analyzed for
different shape parameters: aspect ratio (AR), convexity (C), roundness (R) and diameter
of the equivalent sphere (ED). GS stands for grain size.
GS φ µAR σAR µC σC µR σR µED σED N
0 1.318 0.226 0.958 0.025 0.726 0.141 1577.7 319.8 13964
1 1.344 0.246 0.964 0.024 0.712 0.149 804.8 164.4 30670
2 1.349 0.263 0.966 0.025 0.710 0.153 406.7 61.5 42073
3 1.396 0.310 0.953 0.028 0.683 0.164 216.5 31.6 27482
4 1.390 0.312 0.946 0.032 0.681 0.165 105.4 20.6 49113
5 1.350 0.247 0.922 0.051 0.682 0.161 40.5 7.6 8642
6 1.454 0.316 0.920 0.054 0.637 0.176 23.3 5.3 51051
7 1.522 0.364 0.921 0.050 0.641 0.172 11.6 2.7 63444
8 1.560 0.405 0.957 0.040 0.638 0.176 6.19 1.45 352987
9 1.608 0.453 0.984 0.027 0.656 0.178 3.32 0.77 489826
10 1.613 0.601 0.994 0.024 0.737 0.169 1.52 0.51 708652
constant with distance from the vent within a given grain size class, or at least variations
are within the standard deviation on the mean value of the shape descriptor (see Table 3.1).
However, particle shape values vary significantly between the different grain size classes,
in contrast with the observations of Coltelli et al. (2008) for the 2002 eruption of Etna
volcano (Italy).
The variations in shape descriptors (similar to those observed in Figures 3.2 and 3.3)
with distance from the vent for very fine ash particles (≥ 9φ) might be due to the lower
resolution limit of the PVS technique, and therefore may not be a real pattern, but rather
a bias from the original data acquisition.
Another important observation drawn from Figures 3.4, 3.5 and 3.6 (left column) is
that the trend for the three different shape descriptors with decreasing grain sizes is fairly
constant for the different sample locations (note for example the trough in AR and C or
the bulge in R at 5φ), with again a small but significant departure from the trend for
particles of 9φ and 10φ, and possibly for the 8φ fraction. This pattern is again attributed
to the lower resolution limit of this technique.
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Figure 3.4. Variations of shape parameters (AR, C and R) as a function of grain size
(left column) and distance from the vent (right column) for the ESE axis (axis 1, see
Figure 2.1b).
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Figure 3.5. Variations of shape parameters (AR, C and R) as a function of grain size (left
column) and distance from the vent (right column) for the SE axis (axis 2, see Figure 2.1b).
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Figure 3.6. Variations of shape parameters (AR, C and R) as a function of grain size (left
column) and distance from the vent (right column) for the SW axis (axis 3, see Figure 2.1b).
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3.4 Terminal velocity
3.4.1 Comparison between different models
Based on the results obtained from the shape analysis carried out in the previous
section, I investigated the influence of particle shape on the terminal velocity of volcanic
ash particles. The terminal velocity analysis (and every further analysis in this study) will
focus on particle sizes from 0φ down to 5φ, as for particles > 5φ, the calculated terminal
velocities became too small for significant comparisons between the different models. To
achieve this goal, I used several models to calculate the terminal velocity of ash particles.
First, I applied the equations proposed by Kunii and Levenspiel (1969) to predict the
terminal velocity (thereafter referred as VKL) of volcanic particles, assuming ash particles
to be perfect spheres. This approach has also been used by Bonadonna et al. (1998) and
Bonadonna and Phillips (2003) to calculate the settling velocity of volcanic particles in
their model of tephra dispersal. Kunii and Levenspiel (1969) proposed three different
equations to calculate the terminal velocity of particles based on the flow regime around
the falling clasts (laminar regime [l] for Re < 6, intermediate regime [i] for 6≤ Re < 500
and turbulent regime [t] for Re ≥ 500):
VKL,l =
gd2(ρs − ρf )
18η
(3.4)
VKL,i = d
[
4g2(ρs − ρf )
225ρfη
] 1
3
(3.5)
VKL,t =
[
3.1gd(ρs − ρf )
ρf
] 1
2
(3.6)
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where g is the gravitational acceleration (m s−1), d is the equivalent diameter of a sphere
(m), ρs is the density of the particle (m s−3), ρf is the density of the fluid medium (m s−3)
and η is the fluid viscosity (Pa s).
Walker et al. (1971) and Wilson and Huang (1979) conducted a series of experiments
to determine the terminal velocities of volcanic particles. They concluded that settling
velocities measured on natural samples are always lower than those computed assuming
particles as spheres. In particular, based on their experimental data, Wilson and Huang
(1979) proposed the following relationship between Cd, particle shape factor (F ) and par-
ticle Reynolds number (Re):
Cd =
24
Re
F−0.828 + 2
√
1.07− F (3.7)
By combining 3.1 and 3.7, the terminal velocity of Wilson and Huang (1979) (thereafter
referred as VWH) can be written as:
VWH =
ρsgd
2
9ηF−0.828 +
√
81η2F−1.656 + 32ρsρfd
3
√
1.07− F
(3.8)
However, Suzuki (1983) proposed a slightly modified version of the terminal velocity
equation of Wilson and Huang (1979), based on a better fit to smaller particles (< 100mum),
as follows:
VWH,suzuki =
ρsgd
2
9ηF−0.32 +
√
81η2F−0.64 + 32ρsρfd
3
√
1.07− F
(3.9)
In the present study, I will use the latter formula (Eq. 3.9) as it agrees better with
finer particles, which are the focus of this analysis. I will nevertheless refer to the terminal
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velocity of Wilson and Huang (1979) (VWH) as they first proposed this expression, later
modified by Suzuki (1983).
I did not use the empirical method described by Dellino et al. (2005) to determine the
terminal velocity of volcanic particles, because (i) I could not calculate the shape factor
Psi proposed by Dellino et al. (2005) with the morphological measurements obtained from
the PVS, and (ii) because their range of observation of particle sizes is different than the
one of this study.
Figure 3.7 shows the results of the terminal velocity calculations using the two different
models described previously (Kunii and Levenspiel, 1969; Wilson and Huang, 1979). In
Figure 3.7, I defined the field of VWH vs. VKL in blue. The blue triangle represents the
mean terminal velocity for VWH , calculated from all of the data points for each φ size. For
volcanic clasts of 0φ and 1φ sizes, the model of Wilson and Huang (1979) is considerably
lower (about 35% lower for the 0φ fraction and about 20% lower for the 1φ fraction) than the
model of Kunii and Levenspiel (1969) assuming particles as perfect spheres. For volcanic
particles ≥ 2φ, the model of Wilson and Huang (1979) predicts terminal velocities similar
to, but mostly lower than, those following Kunii and Levenspiel (1969) (see Figure 3.7 for
the 2φ, 3φ, 4φ, 5φ size fractions).
Based on the results presented above, I calculated the cumulative frequency distribu-
tion for each particle size fraction and for each terminal velocity model (e.g. Kunii and
Levenspiel, 1969; Wilson and Huang, 1979) in order to define and compare the distribution
of terminal velocities for each model at each grain size fraction. Results are presented in
Figure 3.8, where the cumulative frequency distribution for the terminal velocities calcu-
lated with the models of Kunii and Levenspiel (1969) and Wilson and Huang (1979) are
shown in red and blue respectively. The terminal velocities calculated using the Wilson and
Huang (1979) method (in blue) are always smaller than the ones calculated with the Kunii
and Levenspiel (1969) method (in red). The difference in terminal velocities resulting from
these two techniques decreases with decreasing particle size fraction, indicating that the
smaller the particle the smaller the influence of particle shape on its terminal velocity, and
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Figure 3.7. Comparisons between particle terminal velocities calculated from different mod-
els: VKL, approximating volcanic particle as sphere (Kunii and Levenspiel, 1969); VWH
(blue field and blue triangle) calculated from Wilson and Huang (1979). The diameter of
the particle is the equivalent diameter of a sphere.
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the closer a particle falls as a perfect sphere. The jump in terminal velocity around 5.5
m s−1 for the 0φ fraction is due to the change in flow regime of the falling volcanic particles
from turbulent to intermediate (as already observed by Bonadonna et al., 1998).
Recently, Riley et al. (2003) and Coltelli et al. (2008) showed that the measured di-
ameters of volcanic particles with dimensions between 10 and 150µm were much greater
(between 10% and 120% according to Riley et al., 2003 and between 7% and 66% according
to Coltelli et al., 2008) than the ones calculated for spherical particles with the same ter-
minal velocity. Similarly, I calculated the diameter of the equivalent sphere that would fall
at the same terminal velocity (VWH) by inverting the equations of Kunii and Levenspiel
(1969) (i.e. equations 3.4, 3.5 and 3.6). Figure 3.9 shows the comparison between the mea-
sured diameter of each ash particle and the calculated diameter of the equivalent sphere
for volcanic particles from 0φ to 6φ. On average, the measured diameters of the volcanic
particles are larger than the diameters of their equivalent spheres (87% for the 0φ fraction,
33% for 1φ, 8% for 2φ, 10% for 3φ, 10% for 4φ, 5% for 5φ and 6% for 6φ).
3.4.2 VWH/VKL vs AR
Riley et al. (2003) observed that the best shape descriptor for volcanic particles is
the aspect ratio (AR, calculated the same way as in the present study). Coltelli et al.
(2008) showed a linear relationship between the ratio of VWH to VKL and their aspect ratio
parameter (thereafter referred as ARColtelli) for all of the 2065 particles they analyzed from
the 2002 eruption of Etna volcano (Italy) (when all particles are grouped in bins of 0.1 of
ARColtelli). Coltelli et al. (2008) calculated the aspect ratio (ARColtelli) of volcanic particle
as being the breadth / width. Therefore, ARColtelli = 1 /AR. Coltelli et al. (2008) proposed
an easy solution to calculate VWH from ARColtelli, and found the following expression
linking VWH /VKL and ARColtelli:
VWH
VKL
= (0.6 × ARColtelli + 0.4) (3.10)
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Figure 3.8. Cumulative frequency distribution of terminal velocities calculated with the
different models explained in the text (VKL in red, VWH in blue (with F calculated assuming
c = b) and VWH in dashed-blue (with F calculated assuming c = 0). Note the jump in
VKL values for terminal velocities of about 5.5 m s−1 in the 0φ fraction.
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Figure 3.9. Comparison between measured diameters of volcanic particles and diameters
of spheres falling at the same terminal velocity. Results for the 0φ in black, 1φ in red, 2φ
in blue, 3φ in yellow, 4φ in green, 5φ in orange and 6φ in purple.
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Coltelli et al. (2008) stressed that this relationship, though appealing to quickly calcu-
late VWH from the ARColtelli of the particles, might not be representative of all volcanic
particles, but only of the type of eruption analyzed (i.e. the 2002 eruption of Etna volcano)
and the range in particle size they observed (between 0.026 and 1.122 mm). To test this
statement, I used the results obtained previously to investigate such a relationship, for each
φ fraction, for the BF2 layer of Pululagua volcano. In order to apply this approach, I had
to invert the values of AR calculated previously and define AR∗ = 1 /AR.
Results are presented in Figure 3.10 showing the mean ratio of VWH /VKL and the
corresponding 1-σ standard deviation for each 0.1 AR∗ bin. A linear regression is fitted
through the data points. For particles ranging from 2φ to 8φ, there is an excellent linear
relationship between VWH /VKL and AR∗ (R2≥ 0.96), with a fairly constant relationship
through the different grain sizes (see equations on Figure 3.10). However, this relationship
is worse for the 0φ fraction and not well-constrained for the 1φ fraction (R2 = 0.81 and
0.69 respectively, Figure 3.10). Therefore, it seems that this relationship holds for small
particles, but might not be applicable for larger particles (≤ 1φ), where there is a sig-
nificant departure from a linear relationship between the terminal velocity ratio and the
shape parameter AR∗ and the linear relationship is quite different as well (see equations
in Figure 3.10).
3.5 Sedimentation
After analyzing the influence of particle shape on the terminal velocity of volcanic
particles, I was interested in exploring the impact that variations in particle shape have
on the sedimentation of tephra deposits, as the terminal velocity is a first order parameter
controlling the sedimentation of tephra deposits (Bonadonna et al., 1998; Pfeiffer et al.,
2005). As I gathered extensive information on particle shape parameters for individual
grain size classes, I decided to investigate the influence of particle shape on sedimentation
for particle sizes from 0φ to 5φ, as below 5φ, the terminal velocity of volcanic particles
becomes very small.
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Figure 3.10. Relationship between the mean values of VWH /VKL and AR∗ for particle
grouped in 0.1 AR∗ bins and for each grain size fraction from 0φ to 8φ. The 1-σ standard
deviation is shown as the vertical error bar. Equations and correlation coefficient for each
linear relationship are also shown.
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I used the equation described by Bonadonna and Phillips (2003) to predict the accu-
mulation (mφ, in kg m−2) of volcanic particles of a given phi size (φ) at the base of the
spreading current (i.e., the umbrelly cloud) (Hcb, in m). This approach is correct since
the accumulation at the base of the spreading current will lead to vertical fallout in the
case of an eruption without a significant wind field, which was the case of the BF2 layer
of the 2450 BP eruption of Pululagua (see Chapter 2). Therefore, the tephra accumulation
on the ground will reflect the accumulation at the base of the spreading current. The
accumulation mφ is given by:
mφ =
4M0Vt
Q
√
pi
exp
{
−Vt
Q
(x2 − x20)
}
(3.11)
where M0 is the total mass of tephra for each grain size fraction (kg), x is the distance
from the vent where the accumulation is calculated (m), x0 is the horizontal position of
the plume corner (m), Q is the volumetric flow rate (m3 s−1) into the spreading current
at the neutral buoyancy level and Vt is the terminal velocity (m s−1) of the particles of a
given size (φ) at the height of the spreading current (Hcb). The different terminal velocity
models (VKL, VWH and VD) described previously will be used in this modeling approach.
Bonadonna and Phillips (2003) defined the height of the base of the spreading current
(Hcb) as:
Hcb ∼= Hmax × 0.6 (3.12)
where Hmax (m) is the maximum column height. The horizontal position of the plume
corner (x0) is defined by Bonadonna and Phillips (2003) as:
x0 = Hmax × 0.24 (3.13)
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Finally, the volumetric flow rate at the height of neutral buoyancy is given by Bursik
et al. (1992b) as:
Q =
(
Hmax
0.287
)5.263
(3.14)
As model input parameters, I assumed the maximum column height (Hmax) to be
20 km (same value found in Chapter 2 by modeling the BF2 layer with the strong plume
model of Bonadonna and Phillips, 2003) and I used the mass for each grain size fraction
(M0) resulting from the total grain size distribution calculated with a zero accumulation
line at 200 km (see Figure 2.8h). The particle diameter and shape descriptor (R and F)
were reported for each particle size fraction from this analysis. I also used the probability
density functions (i.e. equations 3.2 and 3.3) that best fitted the shape descriptor data for
each particle size fraction (see Figures 3.2 and 3.3) to investigate the influence of particle
shape distribution on tephra sedimentation.
Results are presented in Figure 3.11, where the red lines are the accumulations using Vt
= VKL and blue lines using Vt = VWH . As expected, the differences shown previously in the
terminal velocities from the different models have a primary influence on the accumulation
of tephra away from the vent. For the 0φ fraction, the variations in accumulation with
distance from the vent are minimal and agree reasonably well among the two models of
terminal velocity adopted in this study. The tephra accumulation model with VWH leads to
smaller tephra accumulations in proximal to medial regions (< 20 km) and slightly higher
accumulations in more distal areas (> 20 km) compared to the terminal velocity model from
Kunii and Levenspiel (1969). The calculated accumulations with distance, using the model
of Wilson and Huang (1979) are always lower than those calculated assuming particles as
being perfect spheres (Kunii and Levenspiel, 1969), although the influence of particle shape
on tephra accumulation decreases with decreasing particle size, as denoted by the almost
perfect agreement of red and blue lines with decreasing φ sizes.
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The dashed black line in Figure 3.11 represents the tephra accumulation using the parti-
cle shape probability density function (truncated normal distribution) described previously
for the F shape descriptor as an input in the VWH terminal velocity model. Regardless
of the particle size, the tephra accumulation on the ground modeled with a particle shape
distribution of the R shape descriptor are almost similar to the calculated accumulation
using the mean value of the R shape factor, therefore I did not show these results here.
3.6 Discussion
In calculating the terminal velocity using the model of Wilson and Huang (1979), I had
to assume that the smaller axis of the particles (c) is equal to the intermediate axis (b)
in determining the shape factor F . This is a consequence of the 2D approach in particle
measurements with the PVS. The conversion from 2D analysis to 3D is not trivial and
has been addressed using stereology for crystal and bubble size distribution by Cashman
and Marsh (1988), Mangan et al. (1993), Cashman and Mangan (1994) and Sahagian and
Proussevitch (1998) among others.
I followed two approaches to test my assumption that c = b is reasonable in my 2D
analysis. In the first approach, I measured the three perpendicular axes of 117 large
pumices (< -5φ). Then I calculated the shape factor F using the values of the three axes
and using the assumption that c = b. I found that for more than 80% of the observations,
the values of F calculated with the 2D approach are at most 20% larger than the true
value of F . This result shows that my 2D assumption is reasonable. The assumption that
c =b leads to a maximum in the value of the shape factor F . Therefore, in the second
approach, I also calculated the terminal velocity following the model of Wilson and Huang
(1979) (VWH), assuming c = 0 in the determination of F , which gives a minimum in the
value of F (and therefore also a minimum in VWH) . Figure 3.8 shows the results of these
calculations. The solid blue line is the values of VWH calculated with the assumption of
c= b and the dashed blue line shows the values of VWH computed with the assumption of
c= 0. The difference between these the terminal velocity is large, but since I have shown
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Figure 3.11. Influence of the different model of terminal velocity calculations on the sedi-
mentation of tephra deposit for different grain size classes (from 0φ to 4φ). In red, sedimen-
tation calculated using VKL and in blue VWH . The dashed black lines are sedimentation
calculated with a truncated normal distribution for F . The simulations are for the BF2
layer of Pululagua volcano (see Chapter 2), with a column height of 20 km and a total mass
varying for each grain size according to the total grain size distribution calculated for a
”zero accumulation line” at 200 km from the vent (see Figure 2.7 and Table 2.1).
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that for larger particles, for most of the particles the shape factor F is overestimated by
no more than 20%, I found my 2D approach to be acceptable.
The different shape parameters used in this study show a wide range of possible values
for each grain size class, a distinct frequency distribution and can be approximated as a
truncated log normal distribution (AR) or a truncated normal distribution (C, F and R).
The results presented in Figures 3.7, 3.8 and 3.9 clearly indicate that the model of
Wilson and Huang (1979) predict that larger particles fall at a slower settling velocity
than their equivalent sphere. This observation implies that particle shape should sort with
distance from the vent, with spherical particles falling closer to the vent, and irregularly-
shaped particles falling further away from the vent. However, Figures 3.4, 3.5 and 3.6 show
fairly constant values in particle shape descriptor for a given particle size with distance
from the vent, while particle shape descriptors do sort with grain size. This observation
shows that the assumption that, in tephra dispersal models, particle shape does not vary
with distance is correct, unless a change in shape for particles of a given fraction happens
beyond the observation and sampling area of the BF2. This is unlikely since I included
the most distal point (PL55) among the SW axis (axis 3) data points in the analysis,
although it does not really belong to that particular axis, and no variations in particle
shape were observed (Figure 3.6). These results have important implications in tephra
dispersion modeling and therefore in tephra fallout hazards. In fact, my results imply
that total particle settling time is not strongly influenced by particle shape, but additional
factors are more important in the transport and sedimentation of volcanic particles, factors
such as (i) motion of the atmosphere (turbulence), that can increase drag on the particle,
(ii) particle entrainment (settling of cohorts of particles) that will likely reduce drag on
particles and (iii) ice formation on volcanic particles regardless of their size and surface
area (thus shape) (Durant et al., 2008). The present study is the first of this kind, and
may suggest that current tephra dispersion models do not need to implement a function
to account for particle shape, but should better constrain the physical processes described
above.
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However, the shape parameters vary as a function of grain sizes for the BF2 layer of
Pululagua, in contrast to the results of Coltelli et al. (2008) for the 2002 eruption of Etna,
and implying that tephra modelers may need to better constrain particle shape parameters
as a function of particle size and use these values as input parameters in tephra dispersal
models to better reproduce observed tephra deposits. Shape parameters for a given size of
volcanic particles are most likely to differ from eruption to eruption as a function of magma
composition and eruptive style. It is not reasonable to assume that values of particle shape
presented in this study be used as proxies in other tephra studies.
Another interesting result from the particle shape analysis lies in the fairly constant
trend in the different shape descriptors for different sample locations as a function of grain
size (Figure reffig3-2a, reffig3-2b and reffig3-2c). Such an observation might mean that
there is an underlying process leading to this particular trend in particle shape. Fragmen-
tation processes (inferred from pumice textures) within the conduit might be responsible
for the observed trend, but further quantitative investigations in bubble shape, bubble
size distribution and crystal size distribution are necessary to link fragmentation processes
with particle shape. Furthermore, the observed trends in particle shape are most likely to
change with magma compositions (as already observed by Riley et al., 2003, for the mean
aspect ratio values between basaltic and rhyolitic compositions) and eruptive styles.
The comparison between the different models of terminal velocity (i.e. Kunii and Lev-
enspiel, 1969; Wilson and Huang, 1979) shows that the two models agree well with the
theory for particle sizes of 0φ and 1φ, for which VWH (accounting for particle shape) is
similar to and both smaller than VKL (assuming particles as perfect spheres). VWH is
always smaller than VKL, as expected, and the difference in terminal velocities between
the two models decreases with decreasing particle size, until it is assumed that particles
will fall at the same terminal velocity as their equivalent sphere (for particle sizes ≥ 4φ,
particles falling in the laminar regime).
The comparison between the measured diameter of volcanic particles and the calculated
diameter of the equivalent sphere falling at the same terminal velocity shows that the
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measured diameters are larger than the diameters of the equivalent spheres, and the bigger
the particle, the larger the difference. These results suggest that the terminal velocity of
ash particles is greatly reduced for particles departing from a spherical shape and that
the larger the particle, the greater the influence of particle shape on its terminal velocity.
However, for particles ≥ 5φ the difference between measured diameters and diameters of
the equivalent spheres is < 10%, suggesting that such small particles falling in the laminar
regime could be modeled as spheres. The relative differences between the measured particle
diameters and the diameter of the equivalent spheres falling at the same terminal velocity
found in this study cannot be used as a proxy for other kinds of tephra deposits, since
volcanic particles are likely to have different shape parameters as a function of magma
composition and eruptive styles.
The relationship proposed by Coltelli et al. (2008) between the ratio of VWH to VKL as
a function of AR∗ might be true for volcanic particles ≥ 2φ, but is probably not applicable
for larger volcanic particles as shown in Figure 3.10. This kind of relationship is likely to
vary from volcano to volcano and even from eruption to eruption at a given volcano as a
function of magma composition and eruptive styles.
Finally, using a particle shape distribution function (truncated normal distribution for
the shape descriptor F ) instead of the mean value of the shape parameter to calculate the
tephra accumulation on the ground does not yield strong variations in tephra accumulation.
These variations can be observed in the model of Wilson and Huang (1979) but are always
< 5%.
3.7 Conclusions
The study of particle shape parameters of the BF2 layer of the 2450 BP Plinian eruption
of Pululagua volcano and the implications for the associated terminal velocity and tephra
sedimentation mainly shows that:
1. The trend of shape parameters as a function of grain size is fairly constant for all the
samples analyzed in the present study. Therefore the assumption made in tephra dispersal
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models that particle shape parameters do not vary away from the vent is supported by the
data on the BF2 layer of Pululagua volcano.
2. Comparison between the measured diameter of volcanic particles and the calculated
diameter of the equivalent spheres falling at the same terminal velocity shows that the
measured diameters are larger than the diameters of the equivalent spheres, and the bigger
the particle, the larger the difference. These results suggest that the terminal velocity of
ash particles is greatly reduced for particles departing from a spherical shape and that the
larger the particle, the greater the influence of particle shape on its terminal velocity.
3. Particle shape parameters for a given particle size do not sort out with distance
from the vent, while they do vary as a function of grain size. Therefore, other physical
processes happening in the volcanic plume (atmospheric motion, particle entrainment or
ice formation) have a stronger influence on the transport and settling of volcanic particles
than the shape of these particles. A better characterization of such physical processes may
improve tephra dispersal models and therefore tephra hazard forecasts.
4. Values of particle shape parameters and other relationships between particle shape
and terminal velocity and tephra sedimentation are restricted to the study of the BF2
layer of the 2450 BP Plinian eruption of Pululagua volcano and cannot be used as proxies
in other tephra studies. In-depth analysis of particle shape has to be carried out for each
specific eruption (or at least volcano) to better understand and forecast tephra dispersion
and sedimentation.
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CHAPTER 4
ASPECTS OF VOLCANIC HAZARDS ASSESSMENT FOR THE BATAAN
NUCLEAR POWER PLANT, PHILIPPINES
4.1 Introduction
How would the eruption of a volcano affect a nearby nuclear power plant (NPP)?
Specifically, would the products of a volcanic eruption impact the operation of a NPP
located near an erupting volcano? The answer to this question begins with an assessment
of the geological phenomena that result from volcanic eruptions. These phenomena are
diverse, and include tephra fallout, pyroclastic flows and lahars, among others (Connor
et al., 2009). The effects of these phenomena depend on a host of factors, such as the
proximity of the volcano to the NPP, the size and character of the eruption, wind direction,
and topography around the volcano.
The complexity and uncertainty associated with these phenomena suggest that their
potential impacts be assessed probabilistically. One important aspect of probabilistic as-
sessment involves forecasting the timing of eruptions. When will the next eruption occur?
Or, phrased another way, how much time must elapse before a volcano no longer has a
credible potential for future eruptions? This question is not easily resolved, as volcanoes
may go thousands of years, or even tens of thousands of years without erupting. A sec-
ond aspect of volcanic hazard assessment is estimation of the effects of volcanic eruptions,
once they occur. Which areas might be inundated by lahars, or experience tephra fallout?
As eruption magnitudes and their effects vary widely, this question must also be answered
probabilistically. Admittedly, assessment of the timing and consequences of potential erup-
tions is a daunting task, requiring site-specific data, a refined understanding of volcanic
processes, and computational tools to actually estimate probabilities.
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In the face of these complexities, a systematic approach is warranted. Hill et al. (2009),
recommend guidelines for volcanic hazard assessment for surface nuclear facilities that
provide a systematic approach. In this chapter these recommended guidelines are applied
to a specific NPP site located in the Philippines. Our goal is to illustrate key points of
the application of the recommended guidelines to volcanic hazard assessment for surface
nuclear facilities.
We illustrate aspects of volcanic hazard assessment using the Bataan nuclear power
plant (BNPP) site, located on Napot Point on the west coast of the Bataan Peninsula,
Western Luzon Peninsula, Philippines, at 14◦38′N, 120◦19′ E, or, in UTM Zone 51 N coor-
dinates, 210 500 E, 1 619 000 N (Figure 4.1). This NPP was sited and constructed during
the late 1970s and early 1980s, using then current designs for a pressurized water reac-
tor. Although some nuclear fuel was delivered, the reactor never operated. The project
was quite controversial at the time of siting and construction. In the United States, for
example, questions arose about whether hazard assessments at the site were partly the
responsibility of the US Nuclear Regulatory Commission, because US companies exported
technology used to construct the BNPP (D’Amato and Engel, 1988). The US Nuclear
Regulatory Commission ultimately decided that it had no legal role in reviewing the haz-
ards assessments for the BNPP. Nevertheless, concerns about the siting assessment for the
BNPP remained. The Union of Concerned Scientists cited the proximity of the site to
the potentially active Mt. Natib volcano as a major source of concern (D’Amato and En-
gel, 1988). The conclusions of volcanic hazard assessments performed by a US consulting
company (EBASCO, 1977, 1979) on behalf of the Philippine Atomic Energy Commission
were questioned by US scientists (Newhall, 1979), experts from the International Atomic
Energy Agency (IAEA, 1978) and oversight panels in the Philippines.
It is not our intent to review, or recreate, this controversy. Rather, data gathered
during the site investigation and after the site investigation are used to assess hazards,
within the guidelines outlined by Hill et al. (2009), as an illustration of the application
of these guidelines. This assessment, some 30 a after construction of the NPP, utilizes
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Figure 4.1. Location map showing the Bataan Peninsula, forming the southern part of
the Luzon Peninsula within the Philippines archipelago. Black triangles indicate active
volcanoes. White triangles indicate active volcanoes closest to the Bataan Nuclear Power
Plant (BNPP). The Bataan Peninsula is mainly formed from two large volcanoes, Mt. Natib
to the north and Mt. Mariveles to the south. The location of the BNPP is marked with a
black square.
92
modern methods for numerical modeling of volcanic phenomena, particularly with regard
to assessment of tephra fallout hazards and susceptibility of the site to pyroclastic flows and
lahars. As mentioned previously, this assessment stops short of a comprehensive volcanic
hazard assessment. In this regard, one criticism of the original hazard assessment was the
lack of adequate geologic mapping of Mt. Natib volcano (IAEA, 1978; Newhall, 1979). To
our knowledge, such comprehensive mapping has not yet been undertaken for Mt. Natib
volcano and hence a comprehensive hazard assessment, fully meeting the recommendations
described by Hill et al. (2009), is not possible at this time.
4.2 Volcanic setting
The BNPP site is located within a Quaternary volcanic province known as the Bataan
Lineament (Wolfe and Self, 1983), formed by the eastward subduction of the South China
Sea floor along the Manila Trench off the west coast of Luzon Peninsula. The Bataan Linea-
ment is 320 km long and comprises at least 27 volcanoes, including Mt. Natib (Figure 4.1).
The summit of Mt. Natib volcano is located about 15 km NE of the BNPP. Mt. Pinatubo
and Mt. Mariveles volcanoes, which may be relevant to the hazard assessment, lie about
57 km N and 22 km SE of the site, respectively (Figure 4.1).
Mt. Natib and Mt. Mariveles are both Quaternary composite volcanoes and together
form the dominant topographic features of the Bataan Peninsula. These volcanoes have
not erupted historically. Geologic mapping and radiometric dating of Mt. Natib deposits
indicate that this volcano has produced violent explosive eruptions during the last several
hundred thousand years. These eruptions produced tephra fallout, pyroclastic density
currents (pyroclastic flows) and secondary lahars (EBASCO, 1977; Newhall, 1979; Wolfe
and Self, 1983; Siebert and Simkin, 2007). The Napot Point Tuff, as described by Newhall
(1979), is a pyroclastic flow deposit that resulted from such eruptions. The Napot Point
Tuff and lahar deposits are located within the BNPP site area. Details of past eruptions are
difficult to decipher, however, because both Mt. Natib and Mt. Mariveles volcanoes have
poorly defined stratigraphies. Geologic mapping (Newhall, 1979; Ruaya and Panem, 1991)
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is challenging on the peninsula, in part due to poor exposures in this tropical environment
and in part due to complexities of volcanic stratigraphy in an arc terrain.
The volcanic hazard assessment made by EBASCO (1977) preceded the dramatic vol-
canic eruptions of Mt. Pinatubo in 1991. After dormancy of about 540 a, Mt. Pinatubo
reawakened in April 1991. The volcanic activity culminated in an explosive Plinian erup-
tion on 15 June 1991, that produced a strong vertical plume and several pyroclastic density
currents (Newhall and Punongbayan, 1996). This eruption is important for hazard assess-
ment at the BNPP in two respects. First, the eruption directly affected the site, depositing
∼ 6 cm of tephra in the site area. Second, the Mt. Pinatubo eruption provides an analog for
potential future eruptions of Mt. Natib and Mt. Mariveles, at which no historical eruptions
have occurred and for which geologic mapping is incomplete.
The 1991 Mt. Pinatubo eruption column reached a maximum height of 35−40 km (Koy-
aguchi and Tokuno, 1993; Holasek et al., 1996; Koyaguchi, 1996; Paladio-Melosantos et al.,
1996; Rosi et al., 2001). Tephra fallout occurred throughout the entire eruption and de-
posited several layers of pumiceous lapilli and ash, with two distinct tephra layers associated
with the climatic eruption (Koyaguchi and Tokuno, 1993; Paladio-Melosantos et al., 1996;
Koyaguchi, 1996; Koyaguchi and Ohno, 2001). Voluminous pyroclastic flows were gener-
ated during the eruption that traveled as much as 12−16 km radially from the vent and
were able to overcome topographic ridges as high as 400 m in proximal areas (Scott et al.,
1996). These pyroclastic deposits were remobilized by heavy rainfalls, triggering large la-
hars around Mt. Pinatubo shortly after and more than six years following the eruption
(Rodolfo et al., 1996; Wolfe and Hoblitt, 1996; Daag, 2003; van Westen and Daag, 2005).
Although Mt. Natib and Mt. Mariveles seem to have erupted volcanic products that
are slightly more mafic than Mt. Pinatubo (Defant et al., 1991; Newhall et al., 1996),
these volcanoes are similar in several respects. Summit calderas truncate the three edifices.
Mt. Natib caldera is 6 × 7 km, Mt. Mariveles caldera is 4 km in diameter and Mt. Pinatubo
caldera is the smallest, only 2.5 km in diameter. The caldera of Mt. Pinatubo formed as
a result of one collapse event following the 1991 eruption. It is unclear if the calderas on
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Mt. Natib and Mt. Mariveles were similarly formed following only one explosive eruption
or by incremental collapses through time associated with multiple eruptions. At least for
Mt. Natib, pyroclastic flows seem to have traveled more than 10 km from the caldera, to a
point where they reached the sea, and secondary lahars associated with these pyroclastic
flows were generated and traveled in main drainages. No tephra-fall deposits have been
reported or mapped for eruptions from Mt. Natib or Mt. Mariveles (EBASCO, 1977, 1979;
Newhall, 1979). However, this does not imply that extensive tephra-fall did not accompany
past volcanic eruptions from these volcanoes. For comparison, the tephra deposit from the
1991 eruption of Mt. Pinatubo has been almost completely eroded away (Daag, 2003;
Newhall, 2007, personal communication).
Today, volcanic activity at Mt. Natib is manifested by thermal springs that are lo-
cated within the summit caldera (Ruaya and Panem, 1991), suggesting the presence of a
hydrothermal system within the volcano. Mt. Natib and Mt. Mariveles are not currently
monitored, so nothing more is known about the current state of activity at these volcanoes.
Much of what is known about the history of eruptions at Mt. Natib volcano is based
on radiometric age determinations from samples collected by EBASCO (1977), Wolfe and
Self (1983), and the Philippine Institute of Volcanology and Seismology (PHIVOLCS).
Without adequate stratigraphic constraints, these age determinations can only provide a
snapshot of volcanic activity, rather than information about the stratigraphic sequence
or variations in the rate of volcanic activity. EBASCO (1977) concluded that Mt. Natib
volcano was active between 0.069−1.6 Ma, based on a series of 27 K/Ar dates on lavas and
pyroclastic flows exposed on the flanks of the volcano. A total of 31 K/Ar dates reported
by (Wolfe and Self, 1983) suggest a range of activity from 0.54−3.9 Ma. In addition,
fission track ages on seven pumice samples range from 20−59 ka, but EBASCO (1977,
1979) suggested these may be underestimates of eruption age due to potential U migration
in these samples. In 1999, PHIVOLCS made an uncalibrated 14C age determination of
27 ± 0.63 ka on charcoal within a young pyroclastic flow deposit on the eastern flank of
Mt. Natib (written communication, C. Newhall, 1999). More recently, Cabato et al. (2005)
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found evidence to support an even younger explosive eruption on the western flanks of
Mt. Natib. Based on a high-resolution seismic study of the Subic Bay, Cabato et al.
(2005) proposed an age of 11.3−18 ka for potential pyroclastic deposit interlayered with
sediments in the eastern Subic Bay. This pyroclastic deposit is thought to originate from
an explosive eruption in the north-western area of the breached Mt. Natib caldera. These
age determinations are much younger than the youngest age of 69 ka reported by EBASCO
(1977) in their hazard assessment of Mt. Natib, highlighting that reconnaissance mapping
and dating may have missed younger units. Note that an explosive eruption at Mt. Natib
occurring 11.3 ka would almost set Mt. Natib as a Holocene volcano, therefore a volcano
capable of future volcanic eruptions (e.g. Hill et al., 2009). Furthermore, the occurrence
of young pyroclastic flows that have traveled the western flanks of the volcano emphasizes
the potential for volcanic hazards around Mt. Natib and not only on its eastern flanks, as
mentioned by EBASCOs reports (1977, 1979). Unfortunately, there are no available ages
for the Napot Point Tuff, which crops out in the BNPP site vicinity. A reconnaissance
suite of radiometric dates have been reported for Mt. Mariveles volcano. Wolfe and Self
(1983) reported a range of activity from 0.19−4.1 Ma, based on 20 samples. However, the
most recent eruption at Mt. Mariveles may be as young as 2050 BC (uncalibrated 14C date,
Siebert and Simkin (2007)).
4.3 Assessment of volcano capability
For the closest volcanoes to the BNPP site, the frequency and timing of past volcanic
events are incompletely understood and thus highly uncertain. The concept of a capable
volcano (Hill et al., 2009) is used to assess the potential for Mt. Natib and Mt. Mariveles
volcanoes to produce hazardous phenomena that may reach the BNPP. Following its 1991
eruption, Mt. Pinatubo is clearly a capable volcano, as ∼ 6 cm of tephra fell on the BNPP
during that eruption. As described in detail by Hill et al. (2009), a capable volcano is
one for which both (i) a future eruption or related volcanic event is credible; and (ii) such
an event has the potential to produce phenomena that may affect a site. If Mt. Natib or
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Mt. Mariveles volcanoes are capable, a detailed, site-specific volcanic hazard assessment
is warranted that considers the likelihood of occurrence and associated uncertainties for
volcanic phenomena that may reach a site.
One step in determining a volcano’s capability is to evaluate its potential for future
eruptions. Activity documented during the Holocene (i.e. within the last 10 ka) is one
criterion used to determine that a volcano appears capable of future volcanic eruptions
(e.g. Hill et al., 2009). There is no definitive evidence that Mt. Natib or Mt. Mariveles
volcanoes have erupted during the Holocene. Nevertheless, determining Holocene eruptive
activity is difficult, especially in the tropical environment of these volcanoes and where
mapping is incomplete. In such cases evidence of current volcanic activity includes ongoing
volcanic unrest, or the presence of an active hydrothermal system and related phenomena.
As Mt. Natib and Mt. Mariveles volcanoes are not monitored, there is no information
available regarding current unrest, such as the occurrence of volcano-tectonic earthquakes
or ground deformation. However, the presence of thermal springs within Mt. Natib’s
caldera (Ruaya and Panem, 1991) is indicative of an active hydrothermal system. Thus,
future eruptions of Mt. Natib are possible (c.f. Hill et al., 2009). Therefore, an analysis
should be made to assess the possibility of volcanic phenomena reaching the site of the
BNPP, given a potential eruption of Mt. Natib volcano. Hydrothermal activity has not
been reported at Mt. Mariveles volcano, but, as previously noted, one 14C date suggests
that Holocene activity has occurred. Thus Mt. Mariveles volcano may also be a capable
volcano, based on the timing of past eruptions.
The probability of future eruptions of Mt. Natib is highly uncertain, given the incom-
plete record of radiometric age determinations and lack of detailed stratigraphic control
on important geologic units. Based on this incomplete record, (EBASCO, 1977) estimated
the probability of a future volcanic eruption of Mt. Natib volcano to be ∼ 3 × 10−5 a−1.
The global record of repose intervals preceding large Plinian eruptions (i.e. Volcano Ex-
plosivity Index (VEI) 6−7) of long-dormant volcanoes (Siebert and Simkin, 2007) provides
one means of evaluating this probability. Connor et al. (2006a) found that repose intervals
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preceding VEI 6−7 eruptions of long-dormant volcanoes follow a log-logistic probability dis-
tribution. Applying this probability model and using a repose interval of 14.65 ka, based on
the averaged date of the youngest known pyroclastic flow on Mt. Natib (11.3−18 ka, Cabato
et al., 2005), the probability of a VEI 6−7 eruption of Mt. Natib is ≈ 1×10−4−9×2−4 a−1,
with 95% confidence, which is almost one order of magnitude greater than the EBASCO
(1977) result. Such probabilities appear sufficient to consider future eruptions as credible
events, and indicate that a hazard analysis for these eruptions appears warranted (Hill
et al., 2009). Following the same approach but using a repose interval of 4.05 ka, based on
the youngest date on volcanic products from Mt. Mariveles, the probability of a VEI 6−7
eruption of Mt. Mariveles is ≈ 3.5× 10−4 − 6× 10−4 a−1, with 95% confidence.
Had we applied this probabilistic method in 1990, before the eruption of Mt. Pinatubo,
the probability of a VEI 6-7 eruption of Mt. Pinatubo would have been ≈ 0.6 × 10−3 −
1 × 10−3 a−1, using a repose interval of 0.54 ka based on its most recent known explosive
eruption prior to 1991. Repose intervals between eruptive episodes for the most recent
eruptions of Mt. Pinatubo (Newhall et al., 1996), not including the 1991 eruption, are
chronologically: 2.5 ka, 2.5 ka, 3.5 ka, 8.4 ka and 17.6 ka (Newhall et al., 1996; Siebert and
Simkin, 2007). Assuming that the timing of eruptions is described by a Poisson process
(Connor et al., 2009), the interval estimate of repose for Mt. Pinatubo is 3.4−21.2 ka, with
95% confidence. This interval corresponds to a probability of an eruption of Mt. Pinatubo
to be 0.5× 10−4− 3× 10−4 a−1. A bootstrap with replacement procedure (Efron and Tib-
shirani, 1991) yields an interval estimate of 3.8−9.9 ka, with 95% confidence, corresponding
to a probability of an eruption of Mt. Pinatubo of 1 × 10−4 − 2.6 × 10−4 a−1. Note that
the period between eruptions of Mt. Pinatubo becomes shorter with time. This may re-
flect nonstationarity in repose intervals between eruptions, or may simply reflect sampling
bias, due to difficulty in distinguishing eruptive units in the older stratigraphic record.
Regardless, it appears that the probability of eruptions of Mt. Pinatubo, prior to the 1991
eruptions, were ∼ 1 − 2 orders of magnitude greater than probabilities of large explosive
eruptions currently estimated for Mt. Natib. Our interpretation of this comparison is that,
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although the probability of an explosive eruption of Mt. Natib appears to be much lower
than the probability of eruptions of Mt. Pinatubo, explosive eruptions of Mt. Natib are
credible.
For Mt. Natib volcano, evidence of an active hydrothermal system, and probability
estimates, both indicate that the volcano has a credible potential for future eruptions. The
potential for volcanic phenomena to impact the BNPP site should be estimated. This step
is accomplished by estimating screening distance values for volcanic phenomena, such as
tephra fallout, lahars, and pyroclastic flows, that have the highest potential to affect the
BNPP site adversely. These screening distance values consider the potential for volcanic
phenomena to reach the BNPP site, using conservative assumptions about the magnitudes
of volcanic eruptions and simplified numerical models of potential hazards. The remainder
of this study describes numerical and probabilistic techniques to estimate screening distance
values for these phenomena. These values, in turn, are used to determine the capability of
Mt. Natib, Mt. Mariveles, and Mt. Pinatubo volcanoes to affect the BNPP site.
4.4 Estimating screening distance values
Geological maps of the Mt. Natib volcanic deposits indicate that pyroclastic density
currents and secondary lahar (volcanic mudflow) deposits occur in the BNPP site area
(EBASCO, 1977; Newhall, 1979). The presence of these deposits is clear evidence that
the BNPP site is located within a screening distance for these phenomena. A screening
distance is defined as the distance from a volcano that a specific volcanic phenomenon, such
as pyroclastic flows, may plausibly reach (Hill et al., 2009). Screening distance depends
on a number of factors, such as topography of the volcano, possible magnitudes of future
eruptions and the types of volcanic phenomena involved. There is uncertainty in the
estimate of screening distances, but it is often practical to determine if a specific site is
beyond, or within, a screening distance for specific phenomena originating from a volcano
using scoping calculations. Such scoping calculations are used here to assess volcanic
hazards at the Bataan site.
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The site may be exposed to both proximal and distal effects of volcanic eruptions from
Mt. Natib (Connor et al., 2009). In addition, the site may be exposed to far-field effects
from Mt. Pinatubo and Mt. Mariveles volcanoes, particularly from tephra fallout. We
can refine our understanding of potential hazards using a variety of numerical methods to
consider the magnitudes of potential volcanic eruptions that produce phenomena that could
impact the site. Analysis is limited to products of explosive eruptions, including tephra
fallout, pyroclastic flows, and lahars. Other phenomena, such as new vent formation and
lava flows are not considered in this chapter, and require additional analyses in order to
assess their potential hazards to the BNPP site.
4.4.1 Hazards from tephra fallout
Tephra fallout creates loads on engineered structures and may disrupt ventilation, elec-
trical, and cooling systems at nuclear power plants. Thick tephra accumulation might
render a site temporarily inoperable, and very rapid erosion of tephra deposits may gen-
erate potentially damaging lahars. The TEPHRA2 computer program (Bonadonna et al.,
2005a; Bonadonna, 2006; Connor and Connor, 2006; Connor et al., 2008) is used to estimate
potential accumulations of tephra fallout at the BNPP site and on the flanks of Mt. Natib
volcano above the BNPP site with a series of deterministic and probabilistic analyses. The
numerical simulation of tephra accumulation is based on the advection-diffusion equation
(Suzuki, 1983; Armienti et al., 1988; Connor et al., 2001), which is expressed by a simplified
mass-conservation equation:
∂Cj
∂t
+ wx
∂Cj
∂x
+ wy
∂Cj
∂y
− vl,j ∂Cj
∂z
= K
∂2Cj
∂x2
+K
∂2Cj
∂y2
+ Φ (4.1)
where, x, y, and z are spatial coordinates expressed in meters; Cj is the mass concen-
tration of particles (kg m−3) of a given particle size class, j; wx and wy are the x and y
components of the wind velocity (m s−1); K is a horizontal diffusion coefficient for tephra
in the atmosphere (m2 s−1); vl,j is the terminal settling velocity (m s−1) for particles of size
100
class, j, as these particles fall through a level in the atmosphere, l; and Φ is the change in
particle concentration at the source with time, t (kg m−3 s−1). The algorithm implemented
in TEPHRA2 assumes negligible vertical wind velocity and diffusion, and assumes a con-
stant and isotropic horizontal diffusion coefficient (K = Kx = Ky). The terminal settling
velocity, v, is calculated for each particle size, j, at each atmospheric level, l, as a function
of the particle’s Reynolds number, which varies with atmospheric density. Wind velocity is
allowed to vary as a function of height in the atmosphere, but it is assumed to be constant
within a specific atmospheric level.
Tephra fallout hazard studies are most concerned with mass accumulation at specific
locations. TEPHRA2 calculates tephra accumulation, M (kg m−2), at each location, (x, y):
M(x, y) =
Hmax∑
l=0
dmax∑
j=dmin
ml,j(x, y) (4.2)
where, ml,j(x, y) is the mass fraction of the particle size, j, released from atmospheric level,
l, accumulated at location, (x, y). Hmax is the maximum height of the erupting column, and
dmin and dmax are, respectively, the minimum and maximum particle diameters. Thus, the
distribution of tephra mass following an eruption depends on both the distribution of mass
in the eruption column and the distribution of mass by grain-size. The algorithm imple-
mented in TEPHRA2 assumes that mass is uniformly distributed in the eruption column,
or can be specified to be uniformly distributed in some fraction of the uppermost column,
to be consistent with observations of strong volcanic plumes. Grain-size distribution is
assumed to be log-normal, and is deduced from comparison with studies of well-preserved
deposits.
4.4.1.1 Deterministic analysis
Hazard assessments rely on probabilistic methods to accurately forecast the potential
occurrence of disruptive phenomena. As part of this modeling process, deterministic as-
sessments can be useful for estimating potential tephra accumulation resulting from erup-
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tions of a specific size during specific meteorological conditions. For example, one can
estimate tephra fallout at the BNPP resulting from a large-volume, explosive eruption of
Mt. Natib, when the wind is blowing from the volcano toward the site. These analyses are
accomplished by completely specifying the eruption and meteorological parameters, and
calculating an isomass map based on these parameters using TEPHRA2. Such bound-
ing calculations are particularly useful for estimating screening distances and may provide
useful supplementary material for the interpretation of probabilistic assessments.
Five deterministic scenarios are presented based on the following eruption parameters:
location of the vent, column height, total erupted mass and grain-size distribution. Mete-
orological parameters include wind direction and speed, as a function of elevation in the
atmosphere. Eruptions span VEI 3−7 with associated maximum column heights (Hmax)
of 8, 14, 25, 35 and 45 km, respectively (Newhall and Self, 1982). A small VEI 3 erup-
tion is represented by an 8 km-high erupting column. A 14 km-high column represents
the approximate boundary between VEI 3 and VEI 4 eruptions; this column height is also
the lower limit of sub-Plinian eruptions according to (Pyle, 1989). As EBASCO (1977,
1979) proposed an analysis of tephra hazard at the BNPP site based on analogy with the
1912 Katmai eruption, 25 km was selected to match the maximum column height of that
VEI 5 eruption (Fierstein et al., 1997). The 35 km column height reflects the 1991 erup-
tion (VEI 6) of Mt. Pinatubo, and 45 km represents an upper limit scenario based on the
historical eruption (VEI 7) of Tambora in 1815 (Sigurdsson and Carey, 1989).
Eruption duration, T , and maximum column height, Hmax, are used to calculate the
total erupted mass for each scenario, assuming steady-state conditions. Koyaguchi and
Tokuno (1993) proposed an eruption duration of 5 hr for the 1991 climactic eruption of
Mt. Pinatubo, based on the expansion of the umbrella cloud in the stratosphere. This is,
perhaps, an over-estimate of eruption duration, as the umbrella cloud may have contin-
ued to expand in the stratosphere after cessation of appreciable mass discharge from the
vent. Tahira et al. (1996) proposed an eruption duration of 3.5 hr, based on infrasonic and
acoustic waves generated by the explosive eruption. According to Paladio-Melosantos et al.
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(1996), the peak activity of the eruption was sustained for about 3 hr, followed by waning
activity for 6 hr. For these deterministic scenarios, we chose an eruption duration of 3 hr,
which maximizes flow rate for specific column heights.
For steady eruptions, the mass discharge rate of an eruption is empirically related to
the column height (Sparks et al., 1997):
Hmax = 1.67Q0.259 (4.3)
where, Q is the magma discharge rate (m3 s−1). From the density of the deposit (ρdep) and
the duration of the eruption (T ), the magma discharge rate (Q) is:
Q =
Mo
Tρdep
(4.4)
where, Mo is the total mass of the deposit in kilograms. The bulk density of the deposit,
ρdep (kg m−3), is assumed to be 1000 kg m−3, corresponding well with the average density of
the 1991 phenocryst-rich dacitic pumice of Mt. Pinatubo (977 kg m−3 proposed by Pallister
et al. (1996). This value is also in good agreement with the range 500−1500 kg m−3, the
bulk density of known Plinian deposits (Sparks et al., 1997). Total mass is related to
eruption column height and eruption duration by:
Mo = Tρdep
(
Hmax
1.67
)4
(4.5)
Thus, assuming maximum eruption column heights, total eruption duration, and deposit
density, total eruption mass is calculated for each scenario. Table 4.1 lists the the column
heights and mass used by each scenario to estimate tephra accumulation at the BNPP
site. For comparison, the VEI 6 scenario essentially matches source parameters that are
described in the literature for the 1991 climactic Plinian eruption of Mt. Pinatubo (Koy-
aguchi and Tokuno, 1993; Holasek et al., 1996; Koyaguchi, 1996; Paladio-Melosantos et al.,
1996; Rosi et al., 2001).
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Table 4.1. Eruption column height and total mass inputs for deterministic tephra models
are based on analog eruptions and Volcano Explosivity Index (VEI).
Parameter VEI 3 VEI 4 VEI 5 VEI 6 VEI 7
Column height (km) 8 12 25 35 45
Total Mass (kg) 5.7× 109 5.3× 1010 5.4× 1011 2.1× 1012 5.7× 1012
Tephra dispersion also depends on the size distribution of particles (grain-size distribu-
tion) erupted from the volcano. Particle (clast) size distributions can be characterized in
terms of several parameters (Inman, 1952): minimum and maximum volcanic clast diam-
eter; median clast diameter (Mdφ); graphic standard deviation, or sorting (σφ); and the
graphical skewness, a measure of the asymmetry of the grain-size distribution. Complete
and reliable total grain-size distribution data for explosive volcanic eruptions are difficult
to establish from field data and are rarely reported (Bonadonna and Houghton, 2005).
Problems in determining the total grain-size distribution for an eruption stem from dif-
ficulty in sampling all facies of the deposit. Much of the tephra of the 1991 eruption of
Mt. Pinatubo fell into the South China Sea (Wiesner et al., 1995), so direct estimation
of the total grain-size distribution is not practical. Nevertheless, based on a numerical
model, Koyaguchi and Ohno (2001) proposed a grain-size distribution of class II fragments
(pyroclasts that accumulate at medial distances from the vent) at the top of the eruption
column for two depositional layers of the 1991 Plinian eruption of Mt. Pinatubo. Although
not optimal, as proximal and distal pyroclasts are missing in Koyaguchi and Ohno (2001)
model, the grain-size data from those two tephra layers can be combined (Figure 4.2) to
obtain a total grain-size distribution for the tephra fallout of the 1991 Plinian eruption.
The median diameter of volcanic clasts is 1.35φ (φ = − log2(d)), d being the particle di-
ameter in millimeters. The sorting of the deposit is σφ = 1.16φ, representing good sorting
for tephra deposits (Fisher and Schmincke, 1984; Cas and Wright, 1987). These values are
used for all simulations in the deterministic analysis of tephra fallout, although the actual
total grain-size distribution of the 1991 eruption of Mt. Pinatubo may be finer and less
sorted. The graphical skewness of the total grain-size distribution is assumed to be zero.
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Figure 4.2. The total grain-size distribution used in the tephra models is derived from the
analysis of the climactic Plinian eruption of Mt. Pinatubo in June 1991 (Class II fragments).
Modified from Koyaguchi and Ohno (2001).
Tephra accumulation at a site is strongly dependent on wind speed and direction during
the timespan of eruption. Two different wind estimates are used for each scenario. One
estimate uses wind velocities averaged for the year 2006 based on reanalysis data from
the National Center for Environmental Prediction Reanalysis project (Kalnay, 1996). The
reanalysis data consists of wind velocity estimates at 17 pressure levels which are are linearly
interpolated to 30 heights from 1−30 km (above 30 km, wind conditions are assumed to be
constant) at 1 km intervals (Figures 4.3a and b). The second estimate represents an upper
limit, whereby the wind is assumed to blow toward the BNPP with a speed, at each level,
similar to the average wind speeds from the reanalysis data for 2006. Wind conditions, very
similar to this upper limit estimate, occurred in 2006 ∼ 3% of the time for Mt. Pinatubo,
∼ 9% of the time for Mt. Natib and ∼ 11% of the time for Mt. Mariveles (Figure 4.3c).
Results of the different deterministic scenarios are given in Table 4.2. Estimated poten-
tial accumulation at the BNPP site varies from trace amounts to 3.6 m for a VEI 7 eruption
at Mt. Natib with wind blowing toward the site. These thicknesses correspond to a range
in dry tephra load of about 0.01 kg m−2 to 3600 kg m−2. Rainfall saturates tephra deposits
and may double these estimated loads (Blong, 1984).
Isomass map are shown in Figure 4.4a−c. Note that the scenario presented in Fig-
ure 4.5a for Mt. Pinatubo shows many similarities with the isopach maps proposed for the
1991 eruption in the literature (Koyaguchi, 1996; Paladio-Melosantos et al., 1996), although
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Figure 4.3. Hazards associated with tephra fallout are strongly dependent on meteorological
conditions. Here, a compilation of reanalysis data for the BNPP site illustrates the average
(dark line) and one standard deviation (horizontal bars) of wind conditions in 2006, for (a)
the direction toward which the wind is blowing and (b) wind speed (m s−1), as a function of
height above sea level. These data are used as input parameters for TEPHRA2 to estimate
tephra accumulation in the site region. (c) Tephra deposition at the BNPP site is maximum
when the wind blows from the volcano toward the site. The percentage of the time the
wind blew toward the site (±15◦) from Mt. Natib (circles), Mt. Pinatubo (diamonds) and
Mt. Mariveles (triangles) is graphed as a function of height above sea-level.
Table 4.2. Tephra fallout thickness (cm) at the BNPP site for each eruption scenario in the
deterministic analysis.
Volcano Wind field VEI 3 VEI 4 VEI 5 VEI 6 VEI 7
Natib wind 20061 1.0 6.7 39 100 180
max wind2 1.6 12 74 190 360
Mariveles wind 2006 0.001 0.01 0.03 0.1 0.7
max wind 0.4 5.3 36 98 200
Pinatubo wind 2006 0.005 0.3 4.7 13 30
max wind 0.01 0.5 8.0 26 58
1average wind velocity in 2006
2average wind speed in 2006, but wind blows toward site
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the latter are more circular and dispersed toward the WSW (Koyaguchi and Tokuno, 1993;
Wiesner et al., 1995; Koyaguchi, 1996; Paladio-Melosantos et al., 1996). This discrepancy
is due to wind direction. Average wind directions at stratospheric altitudes for 2006 were
mainly toward the SW. Stratospheric winds were more toward the west during the actual
eruption. The model predicts a tephra fallout thickness at the site of ≈ 13 cm, roughly
double the observed accumulation during the eruption of Mt. Pinatubo, owing to the differ-
ence in wind direction. Furthermore, although the effect of the passage of typhoon Yunya
during the eruption had little effect on the settling of high-Reynolds-number particles (Rosi
et al., 2001), typhoon Yunya may have been responsible for more spherical dispersion of
low- to intermediate-Reynolds-number clasts, resulting in the more spherical isopach maps
proposed in the literature (Koyaguchi, 1996; Paladio-Melosantos et al., 1996). Compari-
son of the eruption and the simulations suggest that had the wind blown toward the site
on June 15th, 1991, the BNPP might have experienced tephra fallout as thick as 25 cm
(Table 4.2).
Although average wind conditions for 2006 closely mimic the shape of the tephra de-
posit of the 1991 eruption of Mt. Pinatubo (Figure 4.4a), these conditions poorly estimate
extreme events. As an example, a VEI 6 from Mt. Mariveles will deposit only 1 mm of
tephra with the average wind conditions, while with the wind blowing toward the site, the
tephra thickness could reach 1 m (Table 4.2). Figure 4.3c shows that this scenario (wind
blowing toward the site) occurs ∼ 11% of the time for Mt. Mariveles. The average wind
conditions happen to deposit tephra away from the BNPP, but a large fraction of individual
wind fields actually blows closer to the BNPP area.
These isomass maps also point to the possibility that secondary phenomena resulting
from tephra fallout could potentially affect the site area. Although tephra accumulations
at the BNPP site are not significant (e.g. not exceeding 10 cm) for many scenarios (e.g.
<VEI 6), lower explosivity eruptions on Mt. Natib may result in significant tephra accu-
mulations up-slope from the site. Such deposits may be sufficient to remobilize and form
lahars that could possibly affect the site area.
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Figure 4.4. Explosive eruptions of (a) Mt. Pinatubo, (b) Mt. Natib, and (c) Mt. Mariveles
volcanoes may result in substantial accumulation of tephra at the BNPP site. These
examples, based on output from TEPHRA2, show isomass maps for eruptions of various
magnitudes and wind conditions. In (a) a VEI 6 eruption of Mt. Pinatubo during average
wind conditions for 2006 results in an isomass map that is very similar to the actual
tephra distribution following the 1991 eruption of Mt. Pinatubo. In this example, tephra
accumulation at the site is ∼ 100 kg m−2, a mass load sufficient to cause damage to some
structures, and to adversely affect electrical and water filtration systems. In contrast,
a much smaller magnitude eruption, VEI 4, from Mt. Natib would potentially result in
much larger tephra accumulation at the site, >1000 kg m−2 (b). In this simulation wind is
assumed to blow from Mt. Natib toward the site at average speed as a function of elevation
for the region. Similarly, the model suggests that a VEI 5 eruption of Mt. Mariveles would
result in >1000 kg m−2 tephra accumulation at the site, if winds blew from the volcano
toward the site. Contours are in mass of tephra accumulation per unit area (kg m−2, dry,
where (kg m−2 is roughly equivalent to 10 cm tephra thickness).
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4.4.1.2 Probabilistic analysis
Probabilistic methods more thoroughly assess the effects of random variation in erup-
tion parameters and meteorological conditions on estimates of tephra accumulation. Our
probabilistic analysis uses TEPHRA2 to calculate the distribution of tephra accumulation
at the BNPP site for potentially explosive eruptions of Mt. Natib, Mt. Mariveles, and
Mt. Pinatubo volcanoes. For each of the three source volcanoes, a Monte Carlo analysis
is completed, each consisting of 1000 simulations. Eruption column height is randomly
sampled from a log-uniform distribution of range 14−40 km. A log-uniform distribution is
used because this truncates possible values at the lower limit of credible column heights
for small explosive eruptions. As noted previously, this minimum column height (14 km)
represents the approximate boundary between VEI 3−4. The upper bound of the range
also has practical significance. Although higher columns may be possible, the properties of
the atmosphere at these altitudes are such that higher columns would have little additional
impact on the dispersion of tephra particles. The use of a logarithmic function reflects the
higher frequency of lower-altitude volcanic plumes (Simkin and Siebert, 1994).
The total erupted mass of tephra is calculated using equation (4.5) from eruption
duration and column height. Duration is randomly sampled from a uniform distribution
of range 1−9 hr. This range is consistent with eruption durations reported for VEI 4−6
eruptions, and is consistent with the eruption duration for the 1991 Plinian eruption of
Mt. Pinatubo (Koyaguchi and Tokuno, 1993; Tahira et al., 1996; Paladio-Melosantos et al.,
1996). No correlation is assumed between eruption column height and eruption duration for
the purpose of estimating total eruption mass. The resulting distribution of total eruption
mass is log-normally distributed (Figure 4.5), emphasizing the higher probability of smaller
eruptions (Simkin and Siebert, 1994).
Large variation in grain-size distribution appear possible for different types of Plinian
eruptions from similar volcanoes. The 1991 Plinian eruption of Mt. Pinatubo has estimates
of Mdφ = 1.35, and σφ = 1.16, for class II fragments at the top of the volcanic eruption
column (Koyaguchi and Ohno, 2001). Typically, Mdφ estimates for entire tephra-fallout
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Figure 4.5. Log-normally distributed values for total amount of tephra erupted (kg). The
probabilistic assessment of tephra fallout randomly chooses total eruption mass values
from this log-normal distribution. The range of possible values is initially calculated from
a range of probable eruption column heights and eruption durations.
deposits might range from −1.0φ−4.0φ, or even smaller (i.e. Mdφ = 4.4−4.8 for the 1980
eruption of Mount St. Helens; Carey and Sigurdsson (1982); Durant et al. (2009)). The
variation in the sorting of a tephra fall deposit (σφ) may be smaller, 2φ − 3φ for Plinian
eruptions. Given this uncertainty, Mdφ and σφ are sampled from uniform distributions
with ranges of −1φ to 5φ, and 2φ to 3φ, respectively. No correlation is assumed between
these grain-size distribution parameters and column height or eruption mass.
Reanalysis data are, again, used to describe the variation in wind velocity with height; a
set of 1460 wind profiles (acquired 4 times daily during 2006, Kalnay (1996)) are randomly
sampled. Although the eruption duration may be longer than 6 hr, only one randomly
selected profile per simulation is used.
Results of this probabilistic analysis indicate that tephra accumulation at the BNPP
site from possible eruptions of Mt. Natib and Mt. Mariveles would likely exceed tephra
accumulation from possible eruptions of Mt. Pinatubo, by approximately one order of
magnitude (Figure 4.6a). For comparison, the EBASCO (1979) hazard curve (Figure 4.6b)
indicates that the probability of exceeding 1 m tephra accumulation at the site, given
an explosive eruption of Mt. Natib, is ≈ P{accumulation > 1 m | explosive eruption} =
55%. However, using TEPHRA2, all calculated hazard curves, given an explosive eruption
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Figure 4.6. Hazard curves show the conditional probability of exceeding different thicknesses
of tephra at the location of the BNPP, given a volcanic eruption. Graph (a) compares
tephra thicknesses modeled for Natib (1), Mariveles (2), and Pinatubo (3). The curves were
generated from TEPHRA2 output, based on 1000 simulations using wind values randomly
selected from reanalysis data for 2006 and eruption parameters randomly selected from a
range of explosive eruption conditions. This graph indicates that given an eruption, tephra
accumulation at the BNPP from eruptions of Mt. Natib and Mt. Mariveles are similar,
and would likely exceed tephra accumulations associated with a Mt. Pinatubo eruption
by one order of magnitude. Graph (b) compares the EBASCO hazard curve, based on
the 1912 eruption of Mt. Katmai in Alaska (1), with two hazard curves generated by 1000
simulations using TEPHRA2: curve 2 is identical to curve 1 in graph (a), curve 3 is based
on eruption parameters similar to the 1991 eruption of Mt. Pinatubo and a random wind
field, also based on 2006 reanalysis data. This graph indicates that using the 1912 Katmai
eruption as an analog for tephra accumulation overestimates the hazard at the site by
approximately one order of magnitude.
of Mt. Natib, yield lower probabilities for exceeding 1 m of tephra accumulation at the
BNPP site. It appears that the EBASCO (1979) assessment using Mt. Katmai analog
eruption data, may overestimate the tephra-fall hazard at the site compared to the results
of numerical simulation.
The results of probabilistic analyses can also be represented as probability maps. These
maps show the probability of exceeding a given threshold of tephra accumulation over an
area of interest. Thresholds of tephra accumulation can be chosen to reflect potential
damage to buildings (i.e. tephra load leading to partial or complete roof collapse) in the
area, potential accumulation that might lead to lahar formation, or reflect design factors
for NPP structures. A value of 10 cm reflects the onset of roof collapse, 20 cm reflects
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Figure 4.7. Map contours the probability of tephra accumulation exceeding 10 cm
(∼100 kg m−2), given an explosive eruption of Mt. Natib. Note that these simulations
indicate that tephra accumulation is most likely on the W and SW flanks of Mt. Natib,
suggesting these areas are potential sources for lahars following explosive volcanic activity.
widespread roof collapse, especially if the tephra layer is saturated with water (Spence et al.,
1996). The probability of tephra accumulation exceeding 100 kg m−2 (dry accumulation,
≈ 10 cm in thickness) in the region around the BNPP is shown in Figure 4.7 and is ≈ 55%
near the BNPP site. Of course, roofs of nuclear facilities may be designed to withstand
higher loads than typical buildings and houses. Nevertheless, the probability map indicates
that widespread damage to community infrastructure in the region of the NPP is likely
in the event of an eruption of significant intensity (e.g. ≥VEI 4). Such conditions are
important to consider in site suitability assessment and design (Hill et al., 2009).
The probability map also indicates that the central part of Mt. Natib, and the W and
SW flanks of the volcano are the most likely areas to be subjected to tephra fallout. This
indicates that in the event of an explosive eruption, lahars would likely occur, potentially
over widespread areas, on this flank of the volcano. These lahars would impact community
infrastructure and possibly directly impact the BNPP site area.
In summary, it appears that the BNPP site is located within the screening distance
for tephra fallout from both Mt. Natib and Mt. Mariveles. A screening threshold of ap-
proximately 10 cm tephra accumulation is used, based on a damage threshold commonly
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observed for residential and commercial buildings. A different screening threshold may be
desirable for nuclear facilities, which may have greater resiliency for roof loads, but may be
more sensitive to particulates in water and electrical systems. In a comprehensive hazard
analysis, the design of the facility should be evaluated for the range of tephra loads such
as those described in our analysis (cf. Hill et al., 2009).
4.4.2 Lahar source regions
Several types of volcanic phenomena, such as pyroclastic flows and lahars, can be
strongly influenced by topography. Estimation of screening distance values for these vol-
canic phenomena should account for major topographic features of the volcano and of the
site. On Mt. Natib volcano, for instance, a steep caldera wall on the west side of the vol-
cano may prevent many types of flows that originate in the caldera from reaching the site.
Instead, such flows might drain from the caldera through a break in its NW rim (EBASCO,
1977). It is therefore somewhat counter-intuitive that pyroclastic flow deposits and lahars
are mapped at the BNPP site. Either these units were deposited when the volcano had a
much different form, prior to the formation of the summit caldera, or these phenomena can
reach the site area despite the topographic barrier provided by the western caldera rim.
The purpose of screening distance value calculations is to determine whether such flows
could reasonably develop in the future, considering current or likely future conditions.
On Mt. Pinatubo volcano, lahars were generated as a result of the accumulation of py-
roclastic material (e.g. tephra and pyroclastic flow deposits) on steep slopes and as a result
of tropical rainfalls that worked to erode these deposits rapidly (Daag, 2003). For potential
lahars from Mt. Natib, experience on Mt. Pinatubo volcano (Newhall and Punongbayan,
1996) suggests that complex scenarios accompany explosive volcanic eruptions, and these
scenarios might cause lahar source regions to develop outside the caldera, including high
on the west flank of the volcano. The exceedance probability map for tephra accumulation
in the site region makes it clear that if explosive activity were to occur on Mt. Natib or a
nearby volcano, conditions for lahar formation may develop (Figure 4.7). The steep slopes
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on the west and south flanks of Mt. Natib could serve as source regions for lahars that
would descend river valleys lower on flanks of the volcano.
Several different models can be used to assess the potential hazard posed by lahars
to the BNPP site. For example, a statistical model, such as LAHARZ (Iverson et al.,
1998) might be used to assess potential flow-paths. Daag (2003) proposed a water runoff
model for lahars following the 1991 eruption of Mt. Pinatubo to predict lahar runout and
magnitude, utilizing a cell-based distributed model coupled with a high resolution digital
elevation model (DEM). Daag (2003) model is catchment-scale and uses physical laws of
flow dynamics to describe lahars on Mt. Pinatubo. Although these models help delineate
potential areas of lahar inundation, they require high resolution (i.e. ideally < 10 m grid)
digital elevation data that are currently not available for the Mt. Natib region. Here, we
focus on the coupled nature of tephra fallout and lahar generation by considering two em-
pirical models. The first model is based on the potential for gravitationally induced failure
of the tephra deposit on the volcano slopes (Iverson, 2000), thus triggering lahars. The
second model is based on the increase in water and sediment runoff as tephra accumulates
(Daag, 2003; Yamakoshi et al., 2005).
Iverson’s (2000) model assumes that slope failure is described by a Coulomb failure
criterion expressed as a yield condition:
|τ | = c+ σn tanβ (4.6)
where τ is shear stress, c is tephra cohesion, σn is normal stress (perpendicular to the
slope) and β is the angle of internal friction. This Coulomb failure model can be expressed
as a ratio of resistive and driving forces, known as the Factor of Safety (FS):
FS =
ResistingForce
DrivingForce
=
c+ σn tanβ
|τ | (4.7)
where τ = −Zyt sinα, σn = Zyt cosα, Z is the layer thickness (here derived from estimates
of potential tephra accumulation), yt is the total unit weight of the deposit per unit area
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Figure 4.8. (a) Potential lahar source regions (dark shaded areas) resulting from a hypo-
thetical VEI 5 eruption from Mt. Natib (wind blowing toward the site), identified as those
areas where the Factor of Safety, FS ≤ 1. Arrows highlight main drainages on the SSW
part of Mt. Natib where lahars have the potential to occur and affect the NPP site region.
Black star indicates the location for the hazard curve shown in (b). (b) Exceedance prob-
ability, based on the VEI 5 eruption used in (a), and surface runoff % (100× water and
sediment runoff divided by the amount of rainfall) plotted as a function of tephra thick-
ness. This plot indicates that lahar potential increases with higher tephra accumulation
and higher runoff. Surface runoff vs. tephra thickness values (solid triangles) are for fine-
grained tephra on Miyakejima volcano (Japan), modified after Yamakoshi et al. (2005).
Runoff is diminished for coarse-grained deposits (open triangle) on Miakejima volcano. For
example, given an explosive eruption (VEI 5) of Mt. Natib, the TEPHRA2 model indicates
that the probability of tephra exceeding 17 cm is 50%. Empirical observations on Miyake-
jima volcano suggest that for this thickness of tephra, ∼ 25% of rainfall and sediment by
volume will runoff into drainages, forming hyper-concentrated flows.
and α is the slope of the slip surface (pre-tephra deposition topography). It follows that:
FS =
c
Zyt sinα
+
(
1− yw
yt
)
tanβ
tanα
(4.8)
where yw is the unit weight of water added to the deposit by rainfall. Slope failure occurs
when FS < 1. Lahars will be generated primarily on steep slopes after deposition of tephra
units that become saturated by water infiltration, greatly reducing the shear strength of
these tephra layers (Daag, 2003). This slope failure model for lahar generation is thus
coupled to a tephra fallout model, and, assuming deposit saturation by infiltrating water,
areas of likely slope failure (FS < 1) can be inferred (Figure 4.8a).
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The actual slope failure process depends on the nature of the slope geology (i.e. infil-
tration, strength characteristics) underlying the potential tephra deposit and the cover of
vegetation, grain-size properties of the tephra fallout and infiltration rates both into the
tephra deposit and into the underlying units. These factors are complex, spatially variable
and not explicitly addressed by the Iverson (2000) model, but should be considered in inter-
preting model results. Given these caveats, a Factor of Safety map (Figure 4.8a) indicates
zones of potential lahar generation, from where those flows may follow main drainages and
inundate areas lower on the flanks of the volcano, an idea completely consistent with the
screening distance calculation.
The potential lahar source region (Figure 4.8a) covers an area of about 12 km2. The
corresponding total volume of tephra deposit occurring on these steep slopes (FS < 1)
is 1.7 × 107 m3. Iverson et al. (1998) developed an empirical relationship between lahar
volume and the planimetric area inundated by lahars, based on their analysis of numerous
lahar deposits: B = 200V 2/3, where B (m2) is the area inundated by a lahar of volume
V (m3). Using this relationship, the planimetric area inundated by one or more lahars
resulting from slope failure is about 13 km2, a moderate lahar event, comparable to the
one that occurred at Nevado del Ruiz volcano in 1985 (see Connor et al., 2009). Therefore,
this model suggests that areas on the southwest flank of the volcano would potentially be
impacted by lahars following explosive volcanic activity.
Alternatively, lahars can be triggered when even thin, fine-grained tephra layers accu-
mulate, because these layers may impede infiltration and increase surface runoff (Yamakoshi
et al., 2005). In a study of lahar generation following recent eruptions of Miyakejima
volcano, Yamakoshi et al. (2005) found a positive, nonlinear correlation between tephra
thickness and decreased infiltration, resulting in increased surface runoff that may trigger
lahars with very low sediment load by volume. Such flows are called hyperconcentrated
flows. Essentially, as the tephra deposit gets thicker, water is less likely to infiltrate the
whole tephra deposit, thus increasing potential surface runoff. Daag (2003) observed, from
rainfall simulations on tephra deposits from Mt. Pinatubo, that tephra fallout deposits
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have low infiltration capacities due to the abundance of fine particles, thus increasing wa-
ter runoff. In applying this alternative model, a hazard curve for tephra accumulation in a
specific area up-slope of the site can be evaluated in terms of lahars triggered by increased
run-off of surface water and tephra (Figure 4.8b).
The hazards due to hyperconcentrated flows are different that those associated with
slope failure. Rather than a single voluminous debris flow, the increased surface runoff
results in persistent hyperconcentrated flows and floods, which may continue to affect
the area at the base of the volcano for years following the eruption. Individual events,
however, are of much smaller volume. For example, in response to 9 mm rainfall and using
the empirical relationship shown in Figure 4.8b, the tephra deposit would cause an increase
in runoff of approximately 4× 105 m3. As with larger volume debris flows, these persistent
hyperconcentrated flows would adversely affect the region on the southwest flank of the
volcano.
It appears that tephra dispersal can potentially result in flow-paths for lahars toward
the site vicinity, following the major drainages on Mt. Natib southern flanks (Figure 4.8a),
despite near-vent topographic barriers presented by the caldera wall. Because tephra de-
position would likely be widespread on the southwest flank of the volcano following an
explosive eruption, the nature of sedimentation on this flank of the volcano would change,
resulting in lahars, hyperconcentrated flows and/or water floods. This coupled nature
of volcanic phenomena is quite important to consider in estimation of screening distance
values.
Cumulatively, these analyses indicate that the BNPP site is within screening distance
for lahars, given their potential volume and the areas potentially inundated by them. Of
course, the geographic position of the BNPP site on Napot Point may protect the site from
inundation by lahars. Comprehensive analysis of lahar flow-paths with a high-resolution
DEM may verify this possibility. Regardless, lahars would significantly disrupt roads and
communities in the site region, a factor important to determination in site suitability.
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4.4.3 Hazards from pyroclastic density currents
Topographic barriers also may prevent future pyroclastic density currents from reaching
the BNPP site. We consider a basic but widely used model (i.e. the energy cone model;
Sheridan (1979)) for the potential runout of pyroclastic density currents for the purposes
of evaluating this potential hazard, and to determine if the site lies within or beyond a
screening distance value that is representative for such highly mobile flows. The energy
cone model was first proposed by Sheridan (1979) (also see Connor et al., 2009). Essentially
this model uses the height, H, from which pyroclastic density currents originate, directly
related to the potential energy of the flows, to estimate their runout, L, the horizontal
distance the flows are likely to travel from their source. The ratio, H/L depends on the
mobility of the pyroclastic density current. Examples in the literature commonly range
from H/L = 0.2 for small flows, to H/L < 0.01 for large-volume, highly mobile pyroclastic
density currents.
For pyroclastic density currents originating from dome-building eruptions (e.g. the
ongoing eruption of Soufrie`re Hills volcano, Montserrat) and from low-volume explosive
eruptions (<VEI 5), our analysis shows that the caldera wall will likely act as a topo-
graphic barrier for pyroclastic flows traveling toward the site from a central vent erup-
tion of Mt. Natib. Such flows would have insufficient potential energy to overcome the
300−500 m-high topographic barrier of the caldera wall and likely would be channelized
toward the northwest, possibly exiting the caldera through a gap in the caldera wall (Fig-
ure 4.9a). Therefore, assuming low-energy explosive eruptions occur within the existing
caldera, the site seems to be outside the screening distance for pyroclastic density currents
released from comparatively low-lying sources within the caldera.
In the case of an explosive eruption of ∼VEI 5 or greater, or an eruption occurring from
a new vent located on the southern flanks of the volcano, the energy cone model suggests
that pyroclastic density currents may reach the site. Flows associated with such eruptions
often generate pyroclastic density currents as a result of collapse of the eruption column or
by boiling-over of a particularly dense eruption column. In such circumstances, the poten-
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Figure 4.9. (a) Three potential pyroclastic flow runouts from the caldera floor of Mt. Natib,
estimated using the energy cone model. The 3 gray-shaded regions represent possible areas
inundated by pyroclastic flows originating from the collapse of a 100 m-high dome. The
different shaded regions represent areas inundated by pyroclastic flows of increasing poten-
tial energy, represented by the ratio of dome height to runout length: H/L = 0.2 (darkest
gray area), H/L = 0.15 (medium gray area), H/L = 0.1 (light gray area). Uncertainty in
the appropriate value of H/L results in uncertainty in the total runout of the flow. In all of
these cases, the pyroclastic flows do not overtop the caldera wall, and thus flow away from
the BNPP site. (b) In contrast, higher release heights (e.g., 1000 m above the caldera floor)
associated with eruption column collapse and higher intensity eruptions result in inunda-
tion of the BNPP site. Shaded areas show inundation by pyroclastic density currents for
H/L = 0.15 (closest to the vent, darkest shading), H/L = 0.1, and H/L = 0.075 (farthest
from the vent, lightest shading).
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tial energy of the flow may be sufficient to overcome topographic barriers approximately
500 m-high, such as the caldera wall. Based on the energy cone model, a potential column
collapse assumed to initiate at the top of the gas-thrust region (Connor et al., 2009), would
need to originate at no more than 1 km elevation above the caldera floor. Once overcom-
ing the southwest wall of the caldera, the topographic slope is such that the flow extends
beyond the site area for H/L < 0.15 (Figure 4.9b). Based on this simplified analysis, it
appears that the BNPP site is located within the screening distance value of pyroclastic
density currents for eruptions VEI 5 or greater. As is the case for tephra fallout, such flows
could also generate voluminous lahars, which may have the potential to affect the site.
Numerical models of pyroclastic density currents (e.g. Todesco et al., 2002) might
greatly improve this assessment and could be considered as part of a comprehensive haz-
ard analysis for pyroclastic density currents. The energy cone calculation strongly suggests
such an assessment would be useful for understanding a range of pyroclastic density cur-
rent hazards for the BNPP site. In addition, a complete analysis of hazards also should
consider the potential for new vent formation on the flanks of Mt. Natib. As observed at
other composite volcanoes, such vents might also be a source of pyroclastic density currents
that may create additional hazards at the site.
4.5 Concluding remarks
This analysis is intended to illustrate several important steps in a volcanic hazard assess-
ment for nuclear facilities. For the BNPP site, this means using available data and available
numerical methods to assess the capability of nearby volcanoes to erupt in the future and
to produce potentially hazardous phenomena at the site. Do Mt. Natib, Mt. Mariveles
and Mt. Pinatubo have a credible potential for future eruptions? Future eruptions appear
highly likely from Mt. Pinatubo, considering its last explosive eruption in 1991 and many
other eruptions in the Holocene. Several lines of evidence indicate that future eruptions
from Mt. Natib and Mt. Mariveles are credible, including the existence of an active hy-
drothermal system within Mt. Natib volcano, the presence of little-eroded volcanic features
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(e.g. caldera depressions truncating both Mt. Natib and Mt. Mariveles), and probabilistic
assessment based on the estimated repose since the last dated eruptive event. The probabil-
ity estimate is highly uncertain, due to uncertainties in ages of past eruptions and possibly
underestimates recurrence rate due to poor preservation of smaller eruptions in the geo-
logic record. This uncertainty supports a conservative approach to hazards assessment that
assumes future eruptions are possible from Mt. Pinatubo, Mt. Natib and Mt. Mariveles.
We have made such a preliminary assessment for a subset of potential volcanic phe-
nomena utilizing a screening distance value approach. This analysis, made using relatively
simple and widely available numerical techniques, indicates that the BNPP site has the
potential to be affected by phenomena such as tephra fallout, lahars, and pyroclastic den-
sity currents in the event of a future eruption. Cumulatively, these analyses indicate that
Mt. Natib and Mt. Mariveles and, for tephra-fall hazards, Mt. Pinatubo, are capable vol-
canoes, following the definition provided by Hill et al. (2009).
Identification of Mt. Natib and Mt. Mariveles as capable volcanoes indicates that a
more comprehensive volcanic hazard assessment appears warranted for the BNPP site.
Goals of such a comprehensive assessment would include analysis of the current state of
volcanic unrest at both Mt. Natib and Mt. Mariveles through implementation of moni-
toring techniques, such as a seismic network on the volcano, deformation monitoring, and
perhaps seismic tomography to ascertain the origin and extent of the hydrothermal system
within the volcano. Similarly, geochemical analyses might be extremely useful to delineate
a magmatic component in thermal springs located in the caldera of Mt. Natib. A second
goal of the comprehensive assessment would be to map these two volcanoes in sufficient
detail to develop a more complete understanding of each volcano’s stratigraphy, and to
place radiometric dates in stratigraphic context. An integrated program including new ra-
diometric dates and paleomagnetic analysis appears critical to developing a suitable record
of past volcanic activity. Such a geologic program would be necessary in order to more
fully assess the probability of future volcanism, the timing of most recent volcanism, and
the important characteristics of past eruptions. Finally, more detailed analysis of volcanic
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hazards could make full use of a variety of numerical models that might further elucidate
site hazards, particularly of lahar and pyroclastic flow phenomena. All of these numerical
models of surface flows require use of a high-resolution (preferably < 10 m resolution) dig-
ital elevation model, which was not available to the authors at the time of this analysis.
Acquisition of such a model would be an important step in the volcanic hazard assessment.
Regardless of the details involved, the analyses presented herein demonstrate that several
capable volcanoes exist within the area of the BNPP site. Based on recommendations
in, for example, Hill et al. (2009), a comprehensive analysis appears necessary to support
discussions or decisions regarding the suitability of the BNPP site.
This case study also illustrates some general factors to consider in volcanic hazard
assessments of nuclear facilities. The timing and recurrence rate of volcanism at Mt. Natib
and Mt. Mariveles are a major source of uncertainty in estimates of the likelihood of
future activity. It is unlikely that the probability of future eruptions from Mt. Natib
and Mt. Mariveles could be narrowed much below one order of magnitude by additional
analyses, unless the global stratigraphic and chronological framework of these volcanoes
were improved or very young volcanic deposits were identified. This is a common situation
where nuclear facilities are considered in volcanically active regions. Screening based on
the probability of occurrence of volcanic eruptions may have large uncertainties, giving a
weak basis for decision making.
Screening distances are an effective method of assessing the potential for various phe-
nomena to impact a site. Numerical techniques can have an important role to play in
estimating these screening distances. For example, EBASCO (1977) did not have methods
to simulate tephra fallout at the BNPP site numerically. Instead, a large eruption from a
presumably analogous volcano was used. This resulted in a possible overestimate of po-
tential tephra fallout hazards at the site. In contrast, probabilistic models yield hazard
curves for the BNPP site that reasonably reproduced observed deposits from the 1991
Mt. Pinatubo. The great advantage of these models is that various scenarios of activity
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can be evaluated, providing a more robust perspective on the parameters that contribute
to the potential hazards at the site.
Similarly, at the time of siting of the BNPP, it was argued that the topography of the
Mt. Natib summit caldera protects the site from potential pyroclastic flows. This effect
appears supportable for relatively small eruptions (<VEI 5), but our analysis suggests
pyroclastic flows from >VEI 5 eruptions may reach the site. Furthermore, the coupled
nature of volcanic phenomena (e.g., the potential of lahars resulting from tephra fallout)
warrants further consideration. Fortunately, volcanology now possesses many of the tools
required to make such assessments at an appropriate level of detail.
4.5.1 Further reading
Articles in the volume Statistics in Volcanology (Mader et al., 2006) provide an overview
of the literature on the timing of volcanic eruptions and forecasting activity at long-dormant
volcanoes. The TEPHRA2 code is freely available on the Worldwide Web (Connor et al.,
2008). Modeling of volcanic phenomena is evolving rapidly. Models of volcanic eruptions
and eruption phenomena are widely discussed in the Bulletin of Volcanology and Journal
of Volcanology and Geothermal Research. See Fire and Mud (Newhall and Punongbayan,
1996) for comprehensive discussion of the eruptions of Mt. Pinatubo.
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Appendix A Grain size distribution and characteristics of the BF2 layer
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Mdφ = 1.00 ; σφ = 1.52; SkG = 0.00 
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Mdφ = -1.29 ; σφ = 2.27; SkG = 0.01 
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Mdφ = -4.20 ; σφ = 2.96; SkG = 0.23 
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Mdφ = 0.19 ; σφ = 1.72; SkG = -0.14 
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Mdφ = 2.25 ; σφ = 1.15; SkG = 0.15 
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Mdφ = -0.55 ; σφ = 2.11; SkG = -0.09 
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Mdφ = -1.96 ; σφ = 2.56; SkG = 0.10 
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Appendix B Perl code to calculate the horizontal displacement of volcanic par-
ticles due to wind advection
# Perl code prepared by Alain Volentik, University of South Florida,
# December 2008
####################################################################
# This Perl code is used to calculate the particle path due to wind
# advection from the height of release (previously obtained from the
# inversion technique on individual grain size) to the ground. This
# code needs the wind profile output from the inversion as an input
# file, to # calculate the amount of horizontal displacement for
# particles of different size due to wind advection. The wind profile
# has to show the following parameters: elevation, speed, direction.
#
# IMPORTANT:
#
# The code has to be run separately for each grain size, and be sure
# to update 4 different variables and parameters before running the
# code: $column (the height of release), $phi (the particle size in
# the phi scale), $z (the difference of elevation between all the
# atmospheric levels from the wind profile output of the inversion)
# and the output file name (here "displacement-2phi.dat" as an
# example).
# To run the code, be sure to type:
# perl ./nameofthecode.pl nameofthewindfile
# The output file will be in the form of a succession of postion
# (x,y) from the point of release (the vent location is assumed to
# lie at the center of the coordinate system (0,0)) down to the
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# last atmospheric layer (mainly the height of the vent).
####################################################################
#!/usr/bin/perl
my $args = @ARGV;
if ($args < 1) {
print STDERR "USAGE: particle-tracking.pl <data file> \n\n";
exit;
}
open (DATA, "<$ARGV[0]") || die ("$!");
# need to define some variable for the code to run
# $column has to be defined, in order for the code to start to
# calculate the horizontal displacement of the given particle size
# from this elevation and below. And not above it.
$column = 24000;
# there is a need to define the settling velocity law that will
# govern the particle fall, according to its # Reynolds Number (Re),
# for the different class of particles (see Bonadonna et al., 1998
# and Bonadonna and Phillips, 2003). Basically, vtt is the terminal
# velocity in the turbulent regime Re > 500, vti is the terminal
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# velocity in the intermediate regime (6 < Re < 500) and vtl is the
# terminal velocity on the laminar regime (Re < 6).
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
# $z is the difference of elevation between all the atmospheric
# levels, and in here it is constant for all # particle sizes,
# because I was modeling between 10 and 30km.. $z = 270m.
$z = 270;
# $x is the horizontal displacement of the particles due to the
# wind avection at each atmospheric levels from the inversion
# results.
$x = 0;
# $t is the time that the particle is falling through each
# atmospheric layer, and is given by the atmospheric layer
# thickness divided by the terminal velocity of the particle
#(calculated above).
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$t = 0;
# other important input parameters that can be chosen by the user
$phi = 2; # $phi is the particle diamter in phi unit, where
# phi = -log2(diameter)
$diam = 0; # diameter of the particles, with d = 2exp(-phi)
$rho_part = 1000; # density of the particles
$air_visc = 1.8325e-5; # air viscosity
$rho_air = 0; # air density, calculated as a function of height
$g = 9.81; # gravity acceleration
$delta_rho = 0;
$x_disp = 0; # horizontal displacement along the x-axis
$y_disp = 0; # horizontal displacement along the y-axis
$x_position = 0; # position of the particle at each atmospheric
# level along the x-axis
$y_position = 0; # position of the particle at each atmospheric
# level along the x-axis
open (OUT, ">displacement-2phi.dat");
while (<DATA>) {
($elev, $speed, $direction) = split " ", $_;
$rho_air = 1.25*exp((-$elev/1000)/8.2);
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$delta_rho = $rho_part - $rho_air;
if ($elev <= $column){
$diam = (2**(-$phi))/1000;
$vtl = ($g*$diam**2*$delta_rho)/(18*$air_visc);
$vti = $diam*(((4*($g**2)*($delta_rho**2))/(225*$rho_air*
$air_visc))**(1/3));
$vtt = ((3.1*$g*$diam*$delta_rho)/$rho_air)**0.5;
$Rel = ($diam*$rho_air*$vtl)/$air_visc;
$Rei = ($diam*$rho_air*$vti)/$air_visc;
$Ret = ($diam*$rho_air*$vtt)/$air_visc;
if ($Rel < 6) {
$vt = $vtl;
$t = $z/$vt;
$x = $speed*$t;
}
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elsif ($Ret >= 500){
$vt = $vtt;
$t = $z/$vt;
$x = $speed*$t;
}
else {
$vt = $vti;
$t = $z/$vt;
$x = $speed*$t;
}
$direction_radian = (($direction)*3.1415927)/180;
$x_disp = $x * sin($direction_radian);
$y_disp = $x * cos($direction_radian);
$x_position = $x_position + $x_disp;
$y_position = $y_position + $y_disp;
printf "%.2f %.2f %.2f %.2f %.1f %.1f\n", $vtt, $vti, $vtl,
$vt, $x_position, $y_position;
printf OUT "%.3f %.3f\n", $x_position, $y_position;
}
}
close OUT;
close DATA;
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Appendix C Perl code to assess the uncertainty on the mass and column height
using the TEPHRA2 model
# Perl code prepared by Alain Volentik, University of South Florida,
# February 2009.
########################################################################
# This Perl code is used to calculate the uncertainty in the estimation
# of the total erupted mass and the column height from the inversion
# technique proposed by Connor and Connor (2006). The Perl code uses the
# forward tephra disperion model TEPHRA2 (Bonadonna et al, 2005, Connor
# et al. (2008) and the inversion model of Connor and Connor (2006).
# The analysis is based on a smoothed bootstrap method, modified from
# Press et al. (1992), see text in Chapter 2 for more details on the
# approach used here.
#
# IMPORTANT:
#
# To run properly, the code needs several files: the original
# accumulation data (0phi.in), a wind profile, a configuration file for
# the forward TEPHRA2 model and a configuration file for the inversion
# model. For more details on the TEPHRA2 model and its required input
# files, please visit the following link:
# http://www.cas.usf.edu/~cconnor/vg@usf/tephra.html
# The output file (ht-mass-0phi.dat) contains for each simulation:
# (i) the simulation number, (ii) the total mass, (iii) the column
# height and (iv) the diffusion coefficient. These parameters can then
# be used to calculate the uncertainty from the model.
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########################################################################
#!/usr/bin/perl
open (DATA, ">ht-mass-0phi.dat") || die ("$!");
##### SPECIFY HOW MANY SIMULATIONS YOU WANT TO RUN BY SETTING THE
##### VARIABLE $ct BELOW. AS AN EXAMPLE HERE, THE NUMBER OF SIMULATIONS
##### IS SET A 50 (SEE BELOW).
for ($ct=0; $ct < 50; $ct++){
open (IN, "0phi.in") || die "cannot open file...loser\n";
open (NEWIN, ">new-0phi.in") || die ("$!");
##### GENERATE A NEW FILE WITH LOCATIONS RANDOMLY SELECTED WITHIN 1 KM
##### OF EACH OF THE ORIGINAL LOCATIONS (IN A 1 KM SQUARE AROUND EACH
##### LOCATION POINT).
while (<IN>) {
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($x, $y, $elev, $accu) = split " ", $_;
$new_x = ($x - 1000) + (2000*rand());
$new_y = ($y - 1000) + (2000*rand());
printf NEWIN "%.0f %.0f %.0f\n", $new_x, $new_y, $elev;
}
close (IN);
close (NEWIN);
##### USE THE FORWARD MODEL OF TEPHRA2 TO CALCULATE THE ISOMASS AT EACH
##### PSEUDO POINTS GENERATED BEFORE BE SURE TO SPECIFY THE CORRECT
##### PATH TO THE TEPHRA2 CODE!!!
##### BELOW, THE "pululagua-0phi.conf" FILE IS THE CONFIGURATION FILE
##### NEEDED TO RUN THE FORWARD SOLUTION OF TEPHRA2. "new-0hpi.in" IS
##### THE NEW SET OF LOCATION POINTS GENERATED RANDOMLY.
##### "wind_levels_0phi.out" IS THE WIND PROFILE, COMING FROM THE
##### INVERSION ON INDIVIDUAL GRAIN SIZE CLASSES AND FINALLY
##### "tephra.out" IS THE OUTPUT FROM THE FORWARD SOLUTION.
system "/home/ljc/src/tephra2/tephra2 pululagua-0phi.conf new-0phi.in
wind_levels_0phi.out > tephra.out";
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##### NOW RUN THE INVERSION ON THE NEW SOLUTION FOR THE NEW PSEUDO
##### POINTS, GET THE VALUES OF THE COLUMN HEIGHT AND MASS OUT OF IT
##### AND STORE THEM IN OUTPUT FILES WITH DIFFERENT NAME. STORE ALL
##### THE VALUES OF COLUMN HEIGHTS AND MASS IN 1 SEPARATE FILE.
##### USE THE INVERSION MODEL OF TEPHRA2 TO CALCULATE THE ERUPTION
##### PARAMETERS. BE SURE TO SPECIFY THE CORRECT PATH TO THE
##### INVERSION CODE.
##### "inversion-pulu-0phi.conf" IS THE CONFIGURATION FILE NEEDED
##### TO RUN THE INVERSION. "tephra.out" IS THE SOLUTION OF THE
##### FORWARD MODELING, USED HERE AS IN INPUT FILE FOR THE
##### INVERSION IN THE BOOSTRAP ANALYSIS.
system "/home/ljc/src/tephra2_inversion/src/invert_phi_size
inversion-pulu-0phi.conf tephra.out";
open (OUT, "model.out") || die ("$!");
$i = 1;
while (<OUT>) {
($x1, $x2, $x3, $x4) = split " ", $_;
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$array [$i] = $x4;
$array_2 [$i] = $x3;
$i++;
}
print DATA "$ct $array[15] $array[17] $array_2[11]\n";
close OUT;
}
close DATA;
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Appendix D Shape parameters: aspect ration, shape factor and roundness with
their 1-sigma standard deviation
Axis 1 (ESE) PL40 PL40 PL40 PL40 PL40 PL40 PL10 PL10 PL10 PL10 PL10 PL10
Distance (km) 4.815 4.815 4.815 4.815 4.815 4.815 7.665 7.665 7.665 7.665 7.665 7.665
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.327 0.235 0.772 0.109 0.722 0.137 - - - - - -
1 phi 1.352 0.247 0.760 0.118 0.704 0.151 1.349 0.258 0.764 0.121 0.713 0.152
2 phi 1.353 0.255 0.761 0.122 0.704 0.155 1.330 0.234 0.771 0.116 0.721 0.147
3 phi 1.372 0.262 0.751 0.122 0.694 0.155 1.362 0.257 0.757 0.122 0.701 0.154
4 phi 1.391 0.310 0.746 0.130 0.681 0.167 1.396 0.372 0.746 0.131 0.682 0.169
5 phi 1.369 0.260 0.755 0.131 0.669 0.174 1.400 0.268 0.738 0.128 0.658 0.164
6 phi 1.467 0.314 0.709 0.133 0.627 0.174 1.444 0.338 0.723 0.137 0.651 0.175
7 phi 1.524 0.362 0.689 0.142 0.639 0.172 1.543 0.389 0.684 0.149 0.636 0.178
8 phi 1.561 0.406 0.677 0.148 0.636 0.175 1.594 0.447 0.667 0.151 0.628 0.180
9 phi 1.604 0.456 0.664 0.157 0.656 0.178 1.674 0.515 0.642 0.160 0.632 0.186
10 phi 1.553 0.561 0.709 0.198 0.756 0.164 1.804 0.766 0.628 0.200 0.683 0.187
Axis 1 (ESE) PL19 PL19 PL19 PL19 PL19 PL19 PL48 PL48 PL48 PL48 PL48 PL48
Distance (km) 12.889 12.889 12.889 12.889 12.889 12.889 13.888 13.888 13.888 13.888 13.888 13.888
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.321 0.228 0.777 0.116 0.725 0.145 - - - - - -
1 phi 1.359 0.282 0.758 0.119 0.705 0.151 1.335 0.238 0.769 0.118 0.718 0.147
2 phi 1.369 0.284 0.756 0.130 0.700 0.165 1.349 0.256 0.763 0.120 0.712 0.153
3 phi 1.414 0.316 0.736 0.134 0.671 0.171 1.403 0.305 0.740 0.130 0.677 0.166
4 phi 1.408 0.299 0.736 0.130 0.663 0.167 1.384 0.280 0.747 0.128 0.684 0.164
5 phi 1.323 0.218 0.775 0.117 0.693 0.152 1.324 0.201 0.772 0.110 0.698 0.149
6 phi 1.468 0.330 0.711 0.138 0.628 0.181 1.456 0.309 0.714 0.133 0.632 0.173
7 phi 1.524 0.366 0.689 0.145 0.636 0.174 1.503 0.342 0.696 0.139 0.648 0.168
8 phi 1.585 0.412 0.667 0.150 0.623 0.178 1.556 0.396 0.677 0.145 0.638 0.174
9 phi 1.675 0.481 0.639 0.159 0.626 0.184 1.584 0.437 0.671 0.155 0.667 0.177
10 phi 1.781 0.654 0.627 0.195 0.688 0.180 1.489 0.509 0.733 0.194 0.787 0.154
Axis 1 (ESE) PL28 PL28 PL28 PL28 PL28 PL28 PL27 PL27 PL27 PL27 PL27 PL27
Distance (km) 15.830 15.830 15.830 15.830 15.830 15.830 18.933 18.933 18.933 18.933 18.933 18.933
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.308 0.207 0.781 0.108 0.730 0.136
1 phi 1.356 0.246 0.758 0.120 0.706 0.152 1.321 0.213 0.774 0.110 0.726 0.137
2 phi 1.373 0.268 0.752 0.126 0.696 0.159 1.335 0.241 0.769 0.118 0.720 0.149
3 phi 1.439 0.363 0.727 0.137 0.664 0.175 1.349 0.245 0.762 0.120 0.707 0.151
4 phi 1.395 0.288 0.742 0.129 0.676 0.167 1.349 0.249 0.763 0.120 0.707 0.151
5 phi 1.372 0.278 0.755 0.133 0.669 0.170 1.369 0.248 0.751 0.121 0.671 0.156
6 phi 1.466 0.335 0.713 0.141 0.628 0.182 1.462 0.324 0.714 0.140 0.632 0.178
7 phi 1.515 0.352 0.691 0.141 0.640 0.170 1.522 0.360 0.689 0.141 0.641 0.170
8 phi 1.566 0.399 0.675 0.148 0.633 0.176 1.572 0.418 0.673 0.149 0.634 0.177
9 phi 1.656 0.473 0.646 0.157 0.633 0.181 1.639 0.472 0.652 0.156 0.644 0.181
10 phi 1.788 0.683 0.626 0.195 0.682 0.179 1.701 0.627 0.653 0.193 0.709 0.173
Axis 1 (ESE) PL26 PL26 PL26 PL26 PL26 PL26
Distance (km) 21.425 21.425 21.425 21.425 21.425 21.425
Shape Parameter AR AR std F F std R R std
0 phi 1.310 0.242 0.783 0.111 0.735 0.139
1 phi 1.338 0.239 0.768 0.116 0.716 0.145
2 phi 1.358 0.292 0.761 0.124 0.708 0.155
3 phi 1.427 0.538 0.741 0.139 0.683 0.174
4 phi 1.374 0.319 0.755 0.128 0.695 0.163
5 phi 1.354 0.259 0.763 0.133 0.685 0.162
6 phi 1.446 0.323 0.720 0.137 0.643 0.174
7 phi 1.530 0.384 0.687 0.143 0.642 0.172
8 phi 1.581 0.423 0.670 0.149 0.634 0.178
9 phi 1.630 0.475 0.656 0.156 0.651 0.180
10 phi 1.685 0.659 0.661 0.199 0.721 0.173
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Axis 2 (SE) PL40 PL40 PL40 PL40 PL40 PL40 PL43 PL43 PL43 PL43 PL43 PL43
Distance (km) 4.815 4.815 4.815 4.815 4.815 4.815 7.534 7.534 7.534 7.534 7.534 7.534
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.327 0.235 0.772 0.109 0.722 0.137 1.333 0.231 0.769 0.115 0.715 0.147
1 phi 1.352 0.247 0.760 0.118 0.704 0.151 1.367 0.262 0.754 0.123 0.699 0.156
2 phi 1.353 0.255 0.761 0.122 0.704 0.155 1.372 0.281 0.753 0.126 0.696 0.160
3 phi 1.372 0.262 0.751 0.122 0.694 0.155 1.435 0.372 0.728 0.136 0.665 0.173
4 phi 1.391 0.310 0.746 0.130 0.681 0.167 1.433 0.336 0.728 0.137 0.652 0.175
5 phi 1.369 0.260 0.755 0.131 0.669 0.174 1.342 0.250 0.767 0.122 0.684 0.160
6 phi 1.467 0.314 0.709 0.133 0.627 0.174 1.455 0.306 0.714 0.134 0.632 0.173
7 phi 1.524 0.362 0.689 0.142 0.639 0.172 1.511 0.351 0.693 0.142 0.644 0.171
8 phi 1.561 0.406 0.677 0.148 0.636 0.175 1.546 0.394 0.682 0.146 0.643 0.175
9 phi 1.604 0.456 0.664 0.157 0.656 0.178 1.587 0.433 0.669 0.153 0.663 0.175
10 phi 1.553 0.561 0.709 0.198 0.756 0.164 1.533 0.531 0.715 0.195 0.765 0.159
Axis 2 (SE) PL04 PL04 PL04 PL04 PL04 PL04 PL36 PL36 PL36 PL36 PL36 PL36
Distance (km) 10.307 10.307 10.307 10.307 10.307 10.307 12.708 12.708 12.708 12.708 12.708 12.708
Shape Parameter AR AR std F F std R Rstd AR AR std F F std R R std
0 phi 1.321 0.228 0.777 0.116 0.725 0.145 1.311 0.222 0.781 0.114 0.731 0.142
1 phi 1.353 0.251 0.760 0.119 0.708 0.151 1.328 0.242 0.774 0.121 0.716 0.150
2 phi 1.345 0.249 0.765 0.120 0.714 0.152 1.334 0.242 0.770 0.116 0.716 0.147
3 phi 1.387 0.297 0.747 0.130 0.690 0.164 1.405 0.287 0.737 0.130 0.679 0.164
4 phi 1.389 0.297 0.746 0.129 0.677 0.165 1.396 0.333 0.746 0.133 0.685 0.169
5 phi 1.371 0.253 0.751 0.123 0.673 0.166 1.365 0.268 0.758 0.132 0.678 0.169
6 phi 1.458 0.341 0.716 0.139 0.645 0.175 1.457 0.311 0.714 0.134 0.638 0.173
7 phi 1.534 0.378 0.686 0.147 0.637 0.175 1.511 0.359 0.694 0.142 0.647 0.171
8 phi 1.583 0.429 0.670 0.150 0.630 0.178 1.546 0.392 0.682 0.146 0.644 0.173
9 phi 1.647 0.491 0.650 0.158 0.641 0.182 1.588 0.432 0.669 0.155 0.662 0.174
10 phi 1.738 0.762 0.646 0.199 0.699 0.178 1.627 0.593 0.677 0.193 0.727 0.165
Axis 2 (SE) PL34 PL34 PL34 PL34 PL34 PL34 PL32 PL32 PL32 PL32 PL32 PL32
Distance (km) 13.985 13.985 13.985 13.985 13.985 13.985 15.353 15.353 15.353 15.353 15.353 15.353
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.329 0.222 0.771 0.113 0.718 0.143 1.323 0.239 0.775 0.112 0.723 0.141
1 phi 1.348 0.244 0.762 0.118 0.710 0.150 1.343 0.247 0.765 0.116 0.713 0.147
2 phi 1.350 0.278 0.764 0.121 0.711 0.151 1.383 0.413 0.756 0.131 0.701 0.165
3 phi 1.405 0.300 0.738 0.131 0.677 0.168 1.415 0.310 0.734 0.131 0.668 0.166
4 phi 1.379 0.280 0.750 0.126 0.687 0.160 1.422 0.408 0.738 0.139 0.669 0.176
5 phi 1.361 0.248 0.757 0.124 0.674 0.162 1.347 0.243 0.764 0.121 0.685 0.157
6 phi 1.463 0.309 0.711 0.135 0.627 0.175 1.448 0.311 0.719 0.136 0.642 0.176
7 phi 1.512 0.351 0.693 0.142 0.643 0.171 1.513 0.352 0.692 0.141 0.646 0.171
8 phi 1.559 0.397 0.677 0.147 0.636 0.176 1.548 0.392 0.681 0.146 0.645 0.173
9 phi 1.616 0.454 0.659 0.156 0.650 0.179 1.578 0.437 0.673 0.154 0.669 0.174
10 phi 1.593 0.583 0.695 0.201 0.743 0.169 1.593 0.563 0.689 0.189 0.741 0.162
Axis 2 (SE) PL45 PL45 PL45 PL45 PL45 PL45 PL44 PL44 PL44 PL44 PL44 PL44
Distance (km) 18.014 18.014 18.014 18.014 18.014 18.014 18.626 18.626 18.626 18.626 18.626 18.626
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.313 0.238 0.781 0.110 0.732 0.138 1.298 0.183 0.784 0.101 0.736 0.130
1 phi 1.349 0.254 0.764 0.123 0.711 0.153 1.342 0.243 0.766 0.119 0.713 0.148
2 phi 1.363 0.307 0.758 0.123 0.705 0.155 1.349 0.252 0.763 0.122 0.710 0.154
3 phi 1.385 0.278 0.746 0.127 0.688 0.160 1.402 0.306 0.740 0.130 0.675 0.166
4 phi 1.379 0.357 0.755 0.129 0.693 0.163 1.420 0.354 0.734 0.134 0.665 0.172
5 phi 1.354 0.263 0.764 0.133 0.677 0.170 1.333 0.237 0.770 0.117 0.692 0.154
6 phi 1.446 0.316 0.720 0.137 0.642 0.177 1.464 0.335 0.713 0.138 0.637 0.179
7 phi 1.506 0.346 0.695 0.140 0.648 0.170 1.507 0.353 0.695 0.142 0.648 0.171
8 phi 1.564 0.407 0.675 0.147 0.637 0.175 1.527 0.382 0.689 0.145 0.654 0.173
9 phi 1.599 0.447 0.665 0.153 0.661 0.177 1.531 0.408 0.691 0.150 0.693 0.171
10 phi 1.561 0.597 0.705 0.194 0.760 0.163 1.487 0.528 0.731 0.188 0.798 0.153
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Axis 3 (SW) PL40 PL40 PL40 PL40 PL40 PL40 PL07 PL07 PL07 PL07 PL07 PL07
Distance (km) 4.815 4.815 4.815 4.815 4.815 4.815 7.761 7.761 7.761 7.761 7.761 7.761
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.327 0.235 0.772 0.109 0.722 0.137 1.317 0.226 0.779 0.114 0.727 0.145
1 phi 1.352 0.247 0.760 0.118 0.704 0.151 1.362 0.253 0.756 0.121 0.700 0.154
2 phi 1.353 0.255 0.761 0.122 0.704 0.155 1.367 0.272 0.755 0.124 0.699 0.158
3 phi 1.372 0.262 0.751 0.122 0.694 0.155 1.395 0.302 0.743 0.128 0.679 0.164
4 phi 1.391 0.310 0.746 0.130 0.681 0.167 1.376 0.265 0.750 0.124 0.684 0.160
5 phi 1.369 0.260 0.755 0.131 0.669 0.174 1.355 0.260 0.761 0.126 0.682 0.161
6 phi 1.467 0.314 0.709 0.133 0.627 0.174 1.453 0.334 0.719 0.141 0.646 0.179
7 phi 1.524 0.362 0.689 0.142 0.639 0.172 1.535 0.371 0.684 0.143 0.634 0.172
8 phi 1.561 0.406 0.677 0.148 0.636 0.175 1.583 0.426 0.669 0.151 0.629 0.179
9 phi 1.604 0.456 0.664 0.157 0.656 0.178 1.648 0.481 0.650 0.158 0.641 0.182
10 phi 1.553 0.561 0.709 0.198 0.756 0.164 1.714 0.650 0.651 0.198 0.708 0.177
Axis 3 (SW) PL58 PL58 PL58 PL58 PL58 PL58 PL67 PL67 PL67 PL67 PL67 PL67
Distance (km) 9.350 9.350 9.350 9.350 9.350 9.350 11.946 11.946 11.946 11.946 11.946 11.946
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.341 0.252 0.766 0.115 0.711 0.146 1.301 0.200 0.785 0.108 0.733 0.136
1 phi 1.352 0.256 0.762 0.120 0.708 0.152 1.350 0.252 0.762 0.119 0.709 0.150
2 phi 1.342 0.237 0.765 0.117 0.711 0.148 1.347 0.244 0.763 0.119 0.710 0.151
3 phi 1.401 0.298 0.741 0.132 0.680 0.167 1.390 0.277 0.744 0.127 0.682 0.161
4 phi 1.428 0.365 0.732 0.136 0.658 0.175 1.364 0.296 0.759 0.129 0.694 0.164
5 phi 1.359 0.237 0.756 0.119 0.674 0.157 1.335 0.227 0.768 0.114 0.695 0.147
6 phi 1.453 0.303 0.715 0.134 0.636 0.176 1.447 0.312 0.718 0.132 0.644 0.172
7 phi 1.514 0.352 0.692 0.142 0.643 0.171 1.517 0.360 0.691 0.141 0.642 0.171
8 phi 1.545 0.396 0.683 0.147 0.644 0.175 1.559 0.412 0.679 0.149 0.642 0.177
9 phi 1.593 0.436 0.667 0.154 0.660 0.174 1.603 0.452 0.665 0.158 0.659 0.177
10 phi 1.562 0.554 0.704 0.196 0.748 0.163 1.547 0.574 0.714 0.198 0.762 0.165
Axis 3 (SW) PL66 PL66 PL66 PL66 PL66 PL66 PL65 PL65 PL65 PL65 PL65 PL65
Distance (km) 14.930 14.930 14.930 14.930 14.930 14.930 16.431 16.431 16.431 16.431 16.431 16.431
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.330 0.234 0.772 0.115 0.718 0.145 1.307 0.209 0.782 0.109 0.735 0.138
1 phi 1.336 0.228 0.767 0.114 0.717 0.144 1.349 0.228 0.760 0.115 0.708 0.147
2 phi 1.341 0.247 0.767 0.119 0.717 0.151 1.362 0.273 0.758 0.125 0.705 0.158
3 phi 1.378 0.304 0.752 0.129 0.698 0.161 1.386 0.262 0.744 0.123 0.687 0.156
4 phi 1.392 0.296 0.743 0.126 0.679 0.163 1.371 0.281 0.754 0.125 0.695 0.159
5 phi 1.342 0.237 0.766 0.124 0.689 0.165 1.344 0.258 0.767 0.124 0.681 0.160
6 phi 1.443 0.302 0.720 0.133 0.645 0.173 1.449 0.308 0.718 0.137 0.639 0.177
7 phi 1.517 0.360 0.691 0.141 0.642 0.171 1.507 0.355 0.695 0.143 0.648 0.171
8 phi 1.560 0.401 0.677 0.147 0.636 0.176 1.553 0.397 0.679 0.146 0.639 0.174
9 phi 1.611 0.445 0.661 0.158 0.652 0.177 1.593 0.443 0.667 0.154 0.660 0.175
10 phi 1.613 0.575 0.683 0.194 0.730 0.166 1.601 0.559 0.686 0.192 0.735 0.162
Axis 3 (SW) PL60 PL60 PL60 PL60 PL60 PL60 PL55 PL55 PL55 PL55 PL55 PL55
Distance (km) 17.835 17.835 17.835 17.835 17.835 17.835 29.725 29.725 29.725 29.725 29.725 29.725
Shape Parameter AR AR std F F std R R std AR AR std F F std R R std
0 phi 1.328 0.225 0.772 0.115 0.720 0.145 1.267 0.163 0.801 0.096 0.760 0.125
1 phi 1.334 0.243 0.771 0.120 0.719 0.152 1.275 0.178 0.798 0.101 0.754 0.125
2 phi 1.350 0.251 0.762 0.120 0.710 0.152 1.304 0.202 0.783 0.110 0.734 0.137
3 phi 1.399 0.296 0.740 0.129 0.682 0.164 1.385 0.287 0.747 0.129 0.690 0.163
4 phi 1.380 0.293 0.750 0.128 0.688 0.162 1.369 0.284 0.754 0.124 0.697 0.156
5 phi 1.329 0.241 0.774 0.122 0.694 0.160 1.327 0.227 0.773 0.119 0.694 0.153
6 phi 1.453 0.321 0.717 0.136 0.641 0.177 1.446 0.307 0.719 0.135 0.641 0.175
7 phi 1.513 0.348 0.692 0.140 0.646 0.170 1.512 0.348 0.692 0.139 0.646 0.169
8 phi 1.561 0.399 0.676 0.147 0.638 0.175 1.567 0.424 0.676 0.148 0.640 0.176
9 phi 1.599 0.444 0.665 0.155 0.659 0.175 1.573 0.444 0.676 0.154 0.673 0.175
10 phi 1.656 0.594 0.666 0.193 0.717 0.165 1.542 0.626 0.719 0.199 0.768 0.166
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Appendix E Perl code to calculate the terminal velocity of volcanic particles
following the three models described in Chapter 3
# Perl code prepared by Alain Volentik, University of South Florida,
# March 2009
####################################################################
# PERL CODE USED TO CALCULATE THE TERMINAL VELOCITY FOR THE WILSON
# HUANG (1979) MODEL, MODIFIED BY SUZUKI (1983); THE KUNII AND
# LEVENSPEIL MODEL (1969) BASED ON EQUIVALENT SPHERES AND THE
# DELLINO ET AL. (2005) MODEL, BASED ON ROUNDNESS.
#
# IMPORTANT TO READ:
#
# NEEDS AN INPUT FILE FOR EACH GRAIN SIZE (TO BE CHANGED MANUALLY)
# AND ALSO CHANGE MANUALLY THE OUTPUT FILE NAME FOR EACH GRAIN SIZE
####################################################################
#!/usr/bin/perl
###################################
##### DEFINING SOME VARIABLES #####
###################################
$g = 9.81; ##### EARTH GRAVITY ACCELERATION IN M/S2 #####
$ash = 1000; ##### PARTICLE DENSITY IN KG/M3 #####
$air = 1.229; ##### AIR DENSITY IN KG/M3 #####
$viscosity = 1.73e-5; ##### AIR VISCOSITY (NS/M2) #####
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$delta_rho = $ash - $air; ##### DENSITY DIFFERENCE #####
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
####################################################################
# The output file "vt-0-phi.dat" will include all the informations
# of each particle (shape parameters and the three terminal
# velocities).
# The output file "vt-0phi-dellino" contains the terminal velocity
# of each particle calculated with the model of Kunii and Levenspiel
# (1969) and the one of Dellino et al. (2005), while the output file
# "vt-0phi-wh" includes the terminal velocity calculated with the
# model of Kunii and Levenspiel (1969) and the on of Wilson and
# Huang (1979), modified by Suzuki (1983)
#
# ATTENTION:
#
# The names of the input file (here "all-bf2-0phi.in" and output
# files mentioned previously must be changes manually according to
# the grain size fraction of interest.
####################################################################
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open (DATA, ">vt-0phi.dat") || die ("$!");
open (DATA1, ">vt-0phi-dellino.dat") || die ("$!");
open (DATA2, ">vt-0phi-wh.dat") || die ("$!");
open (IN, "all-bf2-0phi.in") || die "cannot open file...loser\n";
while (<IN>) {
($mean, $equi_diam, $max, $width, $length, $area, $volume, $round,
$convexity) = split " ", $_;
if ($width <= $length) {
$ar = $length/$width;
$f = (2*$width)/(2*$length);
$diam1 = ((2*$width)+$length)/3;
$geo_diam = ($length*$width*$width)**(1/3);
$d = $equi_diam/1e6;
$vtl = ($g*$d**2*$delta_rho)/(18*$viscosity);
$vti = $d*(((4*($g**2)*($delta_rho**2))/(225*$air*$viscosity))
**(1/3));
$vtt = ((3.1*$g*$d*$delta_rho)/$air)**0.5;
$Rel = ($d*$air*$vtl)/$viscosity;
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$Rei = ($d*$air*$vti)/$viscosity;
$Ret = ($d*$air*$vtt)/$viscosity;
if ($Rel < 6) {
$vt = $vtl;
}
elsif ($Ret >= 500){
$vt = $vtt;
}
else {
$vt = $vti;
}
$vt_kl = $vt;
$num1 = 1.2065*$viscosity;
$num2 = ((($d**3)*$g*$delta_rho*$air*($round**1.6))
($viscosity**2))**0.5206;
$vt_d = ($num1*$num2)/($d*$air);
$num = ($ash*$g*($d)**2);
$denom1 = (9*$viscosity*($f)**-0.32);
$denom2 = (81*(($viscosity)**2)*($f)**-0.64);
$denom3 = (1.5*$ash*$air*$g*($d)**3*sqrt(1.07-$f));
161
Appendix E (Continued)
$vt_wh = $num/($denom1+sqrt($denom2+$denom3));
printf DATA "%.3f %.3f %.3f %.3f %.3f %.3f %.4f %.4f %.4f\n",
$ar, $f, $round, $equi_diam, $diam1, $geo_diam, $vt_kl, $vt_wh,
$vt_d;
printf DATA1 "%.4f %.4f\n", $vt_kl, $vt_d;
printf DATA2 "%.4f %.4f\n", $vt_kl, $vt_wh;
}
}
close (DATA);
close (DATA1);
close (DATA2);
close (IN);
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Appendix F Perl code to calculate the diameter of the equivalent shpere falling
at the same terminal velocity than the measured particle
# Perl code prepared by Alain Volentik, University of South Florida,
# March 2009
####################################################################
# PERL CODE USED TO CALCULATE THE DIAMETER OF THE EQUIVALENT SPHERE
# FALLING AT THE SAME TERMINAL VELOCITY THAN THE MEASURED VOLCANIC
# PARTICLE. FIRST, THE TERMINAL VELOCITY OF THE MEASURED PARTICLE
# HAS TO BE CALCULATED, USING THE MODIFIED VERSION OF WILSON AND
# HUANG (1969), AND THEN THE EQUATIONS OF KUNII AND LEVENSPIEL ARE
# REVERSED TO CALCULATE THE EQUIVALENT DIAMETER OF THE SPHERE
# FALLING AT THE SAME TERMINAL VELOCITY.
# THE CODE WILL ALSO CALCULATE THE MEAN RATIO BETWEEN THE MEASURED
# AND THE CALCULATED DIAMETER.
#
# IMPORTANT TO READ:
#
# NEEDS AN INPUT FILE FOR EACH GRAIN SIZE (TO BE CHANGED MANUALLY)
# AND ALSO CHANGE MANUALLY THE OUTPUT FILE NAME FOR EACH GRAIN SIZE
####################################################################
#!/usr/bin/perl
###################################
##### DEFINING SOME VARIABLES #####
###################################
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$g = 9.81; ##### EARTH GRAVITY ACCELERATION IN M/S2 #####
$ash = 1000; ##### PARTICLE DENSITY IN KG/M3 #####
$air = 1.229; ##### AIR DENSITY IN KG/M3 #####
$viscosity = 1.73e-5; ##### AIR VISCOSITY (NS/M2) #####
$delta_rho = $ash - $air; ##### DENSITY DIFFERENCE #####
$d_equi = 0;
$mean = 0;
$sum_ratio = 0;
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
open (DATA, ">diam-equivalent-7phi.dat") || die ("$!");
open (IN, "all-bf2-7phi.in") || die "cannot open file...loser\n";
while (<IN>) {
($mean, $equi_diam, $max, $width, $length, $area, $volume, $round,
$convexity) = split " ", $_;
if ($width <= $length) {
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$ar = $length/$width;
$f = (2*$width)/(2*$length);
$diam1 = ((2*$width)+$length)/3;
$geo_diam = ($length*$width*$width)**(1/3);
$d = $equi_diam/1e6;
$n++;
####################################################################
# THE FIRST STEP IS TO CALCULATE THE TERMINAL VELOCITY USING THE
# EQUATION OF WILSON AND HUANG (1979).
####################################################################
$num = ($ash*$g*($d)**2);
$denom1 = (9*$viscosity*($f)**-0.32);
$denom2 = (81*(($viscosity)**2)*($f)**-0.64);
$denom3 = (1.5*$ash*$air*$g*($d)**3*sqrt(1.07-$f));
$vt_wh = $num/($denom1+sqrt($denom2+$denom3));
####################################################################
# NOW THAT THE TERMINAL VELOCITY OF WILSON AND HUANG (1979) HAS BEEN
# CALCULATED, I NEDD TO INVERT THE FORMULA OF KUNII AND LEVENSPIEL
# (1969) TO FIND DIAMETER OF THE EQUIVALENT SPHERE FALLING AT THE
# SAME TERMINAL VELOCITY.
####################################################################
$Re = ($d*$air*$vt_wh)/$viscosity;
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if ($Re < 6) {
$d_equi = ((($vt_wh*18*$viscosity)/($g*$delta_rho))**0.5)*1e6;
}
elsif ($Re >= 500){
$d_equi = (((($vt_wh)**2)*$air)/(3.1*$g*$delta_rho))*1e6;
}
else {
$d_equi = ($vt_wh/(((4*($g**2)*($delta_rho**2))
(225*$air*$viscosity))**(1/3)))*1e6;
}
$ratio = $equi_diam/$d_equi;
$sum_ratio = $sum_ratio + $ratio;
printf DATA "%.2f %.2f \n", $d_equi, $equi_diam;
}
$mean = $sum_ratio/$n;
}
close (DATA);
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close (IN);
print ("Mean Ratio = $mean \n");
print ("Number = $n \n");
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Appendix G Perl codes to calculate the tephra sedimentation using the model
of Bonadonna and Philipps (2003) and the three different approaches discussed
in the text in computing the terminal velocity
# Perl code prepared by Alain Volentik, University of South Florida,
# March 2009
####################################################################
# PERL CODE USED TO CALCULATE THE TEPHRA ACCUMUALTION ON THE GROUND
# BASED ON BONADONNA AND PHILLIPS (2003) SOLUTION (EQ. 14).
# I REGROUP HERE THE THREE DIFFERENT CODES I USED WITH THE THREE
# DIFFERENT MODELS OF TERMINAL VELOCITY USED IN MY ANALYSIS
# (KUNII AND LEVENSPIEL, 1969; WILSON AND HUANG, 1969; DELLINO ET
# AL. (2005).
# ONE UNIQUE CODE COULD HAVE BEEN WRITTEN, BUT AS I WAS MAKING
# SOME EXPERIMENTS, I KEPT THEM SEPARATED FOR EACH TERMINAL
# VELOCITY MODEL USED IN THE PRESENT STUDY. HOWEVER I PUT THE CODES
# ONE BELOW EACH OTHER, SO THEY CAN BE USED IN THE FUTURE BY
# ANYONE WHO IS INTERESTED.
#
# ATTENTION:
#
# SHAPE PARAMETER VALUES HAVE TO BE CACULATED SEPARETELY AND MUST
# BE INCLUDED IN THE VARIABLES DEFINES FOR TERMINAL VELOCITY CODE
# PRESENTED BELOW.
####################################################################
####################################################################
##### CODE USING THE MODEL OF KUNII AND LEVENSPEIL (1969) ##########
####################################################################
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#!/usr/bin/perl
####################################################################
##### DEFINING CONSTANTS TO BE USED IN THE TEPHRA MODEL #####
####################################################################
##### VENT LOCATION #####
$x_vent = 0;
$y_vent = 0;
$g = 9.81; ##### EARTH GRAVITY ACCELERATION IN M/S2 #####
$ash = 1000; ##### PARTICLE DENSITY IN KG/M3 #####
$air = 1.229; ##### AIR DENSITY IN KG/M3 #####
$u = 0; ##### WIND VELOCITY IN M/S #####
$phi = 0; ##### PARTICLE SIZE (Phi) #####
$viscosity = 1.73e-5; ##### AIR VISCOSITY (NS/M2) #####
$z = 20; ##### HEIGHT AT WHICH PARTICLES ARE RELEASED (KM)#####
$mass = 7.42e10; ##### TOTAL MASS OF TEPHRA ERUPTED (KG) #####
$d = 1544.7/1e6; ##### DIAM OF EQUIVALENT SPHERE #####
# $std_d = ;
$shape = 0.777; ##### PARTICLE SHAPE FACTOR (DIMENTIONLESS) #####
$std_shape = 0.112; ##### #####
$C = 0.4; ##### EDDY DIFFUSIVITY IN THE ATMOSPHERE (M2/S) #####
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$sum = 0; ##### INTEGRATION OF MASS OVER AREA TO CHECK MODEL #####
$grid_spacing = 250; ##### GRID SPACING FOR CALCULATION #####
$tv = 0; ##### TERMINAL VELOCITY OF PARTICLES (M/S) #####
$t = 0; ##### PARTICLE FALL-TIME (S) #####
$accumulation = 0; ##### MASS OF TEPHRA ACCUMULATED AT X,Y (KG)
$f_phi = 0.125; ##### TOTAL GRAIN SIZE DISTRIBUTION #####
$f_column = 0.11111111111; ##### TOTAL GRAIN SIZE DISTRIBUTION
$Q = ($z / 0.287)**5.263; ##### flux at the HCB #####
$Hcb = $z * 0.6; ##### height of the base of the current #####
$x_corner = ($z * 0.238)*1000; ##### position of the plume corner
$rho_Hcb = 1.25*exp((-$z)/8.2);
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
$delta_rho = $ash - $rho_Hcb;
open (DATA, ">accumulation-0phi-KL-bonadonna-03.dat");
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for ($i=0; $i<=200; $i++) {
$x = ($i * $grid_spacing);
$x1 = $x/1000;
$y = 0;
$particle_size = $d;
$vtl = ($g*$particle_size**2*$delta_rho)/(18*$viscosity);
$vti = $particle_size*(((4*($g**2)*($delta_rho**2))/
(225*$rho_Hcb*$viscosity))**(1/3));
$vtt = ((3.1*$g*$particle_size*$delta_rho)/$rho_Hcb)**0.5;
$Rel = ($particle_size*$rho_Hcb*$vtl)/$viscosity;
$Rei = ($particle_size*$rho_Hcb*$vti)/$viscosity;
$Ret = ($particle_size*$rho_Hcb*$vtt)/$viscosity;
if ($Rel < 6) {
$vt = $vtl;
}
elsif ($Ret >= 500){
$vt = $vtt;
}
else {
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$vt = $vti;
}
$tv = $vt;
$term1 = exp((-$tv/$Q)*(($x**2)-($x_corner**2)));
$term2 = (4*$mass*$tv)/($Q*(3.1416**0.5));
$accumulation = $term1 * $term2;
sum_point = $sum_point + $accumulation;
printf DATA "%.2f %.2f\n", $x1, $accumulation, $tv;
}
close (DATA);
####################################################################
##### CODE USING THE MODIFIED MODEL OF WILSON AND HUANG (1979) #####
####################################################################
#!/usr/bin/perl
####################################################################
# DEFINING CONSTANTS TO BE USED IN THE TEPHRA MODEL
####################################################################
##### VENT LOCATION #####
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$x_vent = 0;
$y_vent = 0;
##### OTHER IMPORTANT CONSTANTS AND VARIABLES #####
$g = 9.81; ##### EARTH GRAVITY ACCELERATION IN M/S2 #####
$ash = 1000; ##### PARTICLE DENSITY IN KG/M3 #####
$air = 1.229; ##### AIR DENSITY IN KG/M3 #####
$u = 0; ##### WIND VELOCITY IN M/S #####
$phi = 0; ##### PARTICLE SIZE (Phi) #####
$viscosity = 1.73e-5; ##### AIR VISCOSITY (NS/M2) #####
$z = 20; ##### HEIGHT AT WHICH PARTICLES ARE RELEASED (KM)#####
$mass = 7.42e10; ##### TOTAL MASS OF TEPHRA ERUPTED (KG) #####
$d = 1544.7/1e6; ##### DIAM OF EQUIVALENT SPHERE #####
# $std_d = ;
$shape = 0.777; ##### PARTICLE SHAPE FACTOR (DIMENTIONLESS) #####
$std_shape = 0.112; ##### STD OF PARTICLE SHAPE FACTOR #####
$C = 0.4; ##### EDDY DIFFUSIVITY IN THE ATMOSPHERE (M2/S) #####
$a = 1.88604123E-12; ##### LOWER LIMIT OF THE TRUNCATED DISTRIBUTION
$b = 9.76712030E-01; ##### UPPER LIMIT OF THE TRUNCATED DISTRIBUTION
$sum = 0; ##### INTEGRATION OF MASS OVER AREA TO CHECK MODEL #####
$grid_spacing = 250; ##### GRID SPACING FOR CALCULATION #####
$tv = 0; ##### TERMINAL VELOCITY OF PARTICLES (M/S) #####
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$t = 0; ##### PARTICLE FALL-TIME (S) #####
$accumulation = 0; ##### MASS OF TEPHRA ACCUMULATED AT X,Y (KG/M2)
$f_phi = 0.125; ##### TOTAL GRAIN SIZE DISTRIBUTION #####
$f_column = 0.11111111111; ##### TOTAL GRAIN SIZE DISTRIBUTION ####
$f_mass = 0; ##### MASS DISTRIBUTION AS A FUNCTION OF SHAPE #####
$step = 0.05; ##### STEP IN THE SHAPE DISTRIBUTION #####
$Q = ($z / 0.287)**5.263; ##### flux at the HCB #####
$Hcb = $z * 0.6; ##### height of the base of the current #####
$x_corner = ($z * 0.238)*1000; ##### position of the plume corner
$rho_Hcb = 1.25*exp((-$z)/8.2);
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
$delta_rho = $ash - $rho_Hcb;
open (DATA, ">accumulation-0phi-truncated-suzuki-bonadonna-03.dat");
for ($i=0; $i<=200; $i++) {
$accumulation = 0;
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$accu_shape = 0;
for ($k=1; $k<=20; $k++) {
$bin_shape = $k * $step;
$dist_1 = 1/($std_shape*(2*3.14159)**0.5);
$dist_2 = exp((-($bin_shape-$shape)**2)/
(2*$std_shape*$std_shape));
$dist = ($dist_1 * $dist_2 * $step)/($b-$a);
$f_mass = $mass * $dist;
$x = ($i * $grid_spacing);
$x1 = $x/1000;
$y = 0;
$particle_size = $d;
$num = ($ash*$g*($particle_size)**2);
$denom1 = (9*$viscosity*($bin_shape)**-0.32);
$denom2 = (81*(($viscosity)**2)*($bin_shape)**-0.64);
$denom3 = (1.5*$ash*$rho_Hcb*$g*($particle_size)**3*sqrt
(1.07-$bin_shape));
$tv = $num/($denom1+sqrt($denom2+$denom3));
$term1 = exp((-$tv/$Q)*(($x**2)-($x_corner**2)));
$term2 = (4*$f_mass*$tv)/($Q*(3.1416**0.5));
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$accumulation = $term1 * $term2;
$accu_shape = $accu_shape + $accumulation;
$sum_point = $sum_point + $accu_shape;
}
printf DATA "%.2f %.2f\n", $x1, $accu_shape;
}
close (DATA);
####################################################################
##### CODE USING THE MODEL OF DELLINO ET AL. (2005) ################
####################################################################
#!/usr/bin/perl
####################################################################
##### DEFINING CONSTANTS TO BE USED IN THE TEPHRA MODEL #####
####################################################################
##### VENT LOCATION #####
$x_vent = 0;
$y_vent = 0;
176
Appendix G (Continued)
$g = 9.81; ##### EARTH GRAVITY ACCELERATION IN M/S2 #####
$ash = 1000; ##### PARTICLE DENSITY IN KG/M3 #####
$air = 1.229; ##### AIR DENSITY IN KG/M3 #####
$u = 0; ##### WIND VELOCITY IN M/S #####
$phi = 0; ##### PARTICLE SIZE (Phi) #####
$viscosity = 1.73e-5; ##### AIR VISCOSITY (NS/M2) #####
$z = 20; ##### HEIGHT AT WHICH PARTICLES ARE RELEASED (KM)#####
$mass = 7.42e10; ##### TOTAL MASS OF TEPHRA ERUPTED (KG) #####
$d = 1544.7/1e6; ##### DIAM OF EQUIVALENT SPHERE #####
# $std_d = ;
$shape = 1; ##### PARTICLE SHAPE FACTOR (DIMENTIONLESS) #####
$std_shape = 0.112; ##### #####
$round = 0.726; ##### roundness (shape factor) for the Dellino’s
(2005) calculation of TV #####
$std_round = 0.141;
$C = 0.4; ##### EDDY DIFFUSIVITY IN THE ATMOSPHERE (M2/S) #####
$a = 1.29696E-07; ##### LOWER LIMIT OF THE TRUNCATED DISTRIBUTION
$b = 0.973945349; ##### UPPER LIMIT OF THE TRUNCATED DISTRIBUTION
$sum = 0; ##### INTEGRATION OF MASS OVER AREA TO CHECK MODEL #####
$grid_spacing = 250; ##### GRID SPACING FOR CALCULATION #####
$tv = 0; ##### TERMINAL VELOCITY OF PARTICLES (M/S) #####
$t = 0; ##### PARTICLE FALL-TIME (S) #####
$accumulation = 0; ##### MASS OF TEPHRA ACCUMULATED AT X,Y (KG)
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$f_phi = 0.125; ##### TOTAL GRAIN SIZE DISTRIBUTION #####
$f_column = 0.11111111111; ##### TOTAL GRAIN SIZE DISTRIBUTION
$f_mass = 0; ##### MASS DISTRIBUTION AS A FUNCTION OF SHAPE ###
$step = 0.05; ##### STEP IN THE SHAPE DISTRIBUTION #####
$Q = ($z / 0.287)**5.263; ##### flux at the HCB #####
$Hcb = $z * 0.6; ##### height of the base of the current #####
$x_corner = ($z * 0.238)*1000; ##### position of the plume corner
$rho_Hcb = 1.25*exp((-$z)/8.2);
$vtt = 0;
$vti = 0;
$vtl = 0;
$Ret = 0;
$Rei = 0;
$Rel = 0;
$delta_rho = $ash - $rho_Hcb;
open (DATA, ">accumulation-0phi-truncated-dellino-bonadonna-03.dat");
for ($i=0; $i<=600; $i++) {
$accumulation = 0;
$accu_shape = 0;
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for ($k=1; $k<=20; $k++) {
$bin_shape = $k * $step;
$dist_1 = 1/($std_round*(2*3.14159)**0.5);
$dist_2 = exp((-($bin_shape-$round)**2)/
(2*$std_round*$std_round));
$dist = ($dist_1 * $dist_2 * $step)/($b-$a);
$f_mass = $mass * $dist;
$x = ($i * $grid_spacing);
$x1 = $x/1000;
$y = 0;
$particle_size = $d;
$num1 = 1.2065*$viscosity;
$num2 = ((($particle_size**3)*$g*$delta_rho*$rho_Hcb*
($bin_shape**1.6))/($viscosity**2))**0.5206;
$tv = ($num1*$num2)/($particle_size*$rho_Hcb);
$term1 = exp((-$tv/$Q)*(($x**2)-($x_corner**2)));
$term2 = (4*$f_mass*$tv)/($Q*(3.1416**0.5));
$accumulation = $term1 * $term2;
$accu_shape = $accu_shape + $accumulation;
$sum_point = $sum_point + $accu_shape;
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}
printf DATA "%.2f %.2f\n", $x1, $accu_shape;
}
close (DATA);
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Appendix H Bootstrap with replacement procedure (in Perl) to calculate the
recurrence interval (and therefore the probability of an eruption) of a given
volcano
# Perl code prepared by Alain Volentik, University of South Florida,
# March 2008
####################################################################
# This code will calculate the recurrence interval estimate with
# 95% confidence based on the bootstrap with replacement method
# proposed by Efrom and Tibshibari (1991).
# I used it to calculate the recurrence interval for Mt. Pinatubo
# for which I had several available dates from the literature.
#
# IMPORTANT:
#
# The code does not uses dates of volcanic eruptions, but repose
# intervals between eruptions, which have to be calculated
# separetely and inserted manually in the code at line 111 in the
# array named "my @array". Then the output will be displayed on the
# terminal as the mean recurrence interval and the minimum and
# maximum repose interval with 95% confidence.
####################################################################
#!/usr/bin/perl
# sum
my $n = 0;
my @a1 = ();
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my @array_mean = ();
my $j = 0;
####################################################################
## script for the bootstrap statistical method for RI at Pinatubo ##
####################################################################
for ($j=0; $j<1000; $j++){
####################################################################
##### subroutine to add up elements of array #######################
####################################################################
$s = 0;
sub sum {
for ($n = 0; $n < @_; $n++) {
# $s is the sum of the first $i array elements
# $s == $_[$0] + .. + $_[$n-1]
$s = $s + $_[$n];
}
return $s;
}
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####################################################################
#### part of the script that generate 2 different random numbers ###
######### from a list ##############################################
####################################################################
use strict;
use integer;
my @Numbers = 0..4;
my $Limit = 1;
my @list = ();
for (my $i = 0; $i <= $Limit; $i++) {
my $intRand = int(rand(@Numbers));
if ($i == 0) {
$list[$i] = $intRand;
}
else {
for (my $j = 0; $j<$i; $j++) {
while ($intRand == $list[$j]) {
$intRand = int(rand(@Numbers));
$j = -1;
183
Appendix H (Continued)
}
$list[$i] = $intRand;
}
}
}
#for (my $i = 0; $i <=$Limit; $i++) {
#print "$list[$i] ";
#}
#print "\n";
####################################################################
##### core of the script for the bootstrap statistical method ######
####################################################################
########################################
##### array of RI for Mt. Pinatubo #####
########################################
####################################################################
##### ATTENTION: the array below (my @array) has to be defined #####
##### manually by the user by entrering the recurrence intervals ###
##### available in the literature. The code will then calculate ####
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##### the recurrence interval with 95% confidence ##################
####################################################################
my $sum = 0;
my $mean = 0;
my @array = (2500,2500,3500,8350,17650);
splice(@array, $list[0], 1,$array[$list[1]]);
#print join(’ ’, @array),"\n";
my $sum = sum(@array);
#print "The sum of elements in array is ", $sum, "\n";
$mean = $sum/$n;
#print "The mean in array is ", $mean, "\n";
#print "$n";
#print "\n";
$array_mean[$j] = $mean;
#print "\n\n";
}
#print "@array_mean";
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#print "\n";
$s = 0;
my $sum_2 = sum(@array_mean);
my $mean_mean = $sum_2/$n;
@array_mean_sorted = sort {$a <=> $b} @array_mean;
#print "The sum of elements in array is ", $sum_2, "\n";
print "The mean in RI is ", $mean_mean, "\n";
print "The 0.025 RI is ", @array_mean_sorted[24], "\n";
print "The 0.975 RI is ", @array_mean_sorted[974], "\n";
print "$n";
print "\n";
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Appendix I Perl and GMT codes for lahar anaylsis (lahar source region, total
volume and potential area of inundation) around Mt. Natib volcano (Bataan
Peninsula, Philippines)
# Perl and GMT codes prepared by Alain Volentik, University of South
# Florida, December 2007
####################################################################
# This is NOT a one step process, but a step-by-step approach to
# identify the lahar source region, the total volume and the
# potential area of inundation around a volcano following an
# explosive eruption of a given VEI. The model is based on the lahars
# being fed by the unstable tephra blanket (see chapter 4).
# The different steps to follow are:
####################################################################
# (A) Important input parameters are needed: (1) DEM grid (x,y,z) and
# (2) a model of tephra dispersion and accumulation (in this case the
# Tephra2 model of Bonadonna et al. (2005) and Connor et al. (2008).
# For each point of the DEM grid, the actual slope is calculated and
# also the predicted tephra accumulation for a given eruption (i.e.
# a VEI 4 eruption).
####################################################################
# (B) Once a file is created with x, y, slope and accumulation, these
# data needs to be filtered in order to remove all locations with
# a perfectly horizontal slope.
####################################################################
# (C) Then the slope failure model can be applied and will generate
# an output in term of Factor of Safety (FS). If FS is < 1 then the
# tephra is not stable and will then fail to produce lahars.
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####################################################################
# (D) To calculate the total volume of unstable tephra available
# and the potential area of inundation by the lahars
# the output from the falure model needs to be filtered in order to
# keep only the data points where the tephra blanket is unstable.
####################################################################
# (E) And now, the total volume and potential area of inundation
# calculations can be done.
####################################################################
####################################################################
### HERE ARE THE DIFFERENT CODES FOR EACH STEPS ####################
####################################################################
### STEP A - To be done by the user.
####################################################################
### STEP B - GMT code to get the slope at each DEM location.
### It needs an DEM input file in UTM coordinates, here named
### "srtm.natib.utm".
### The output file is named here "slope_degrees.xyz" and has the
### following format: x, y, slope (in degrees).
$in = "srtm.natib.utm";
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system "surface $in --D_FORMAT=%.4f -R198321/231032/1615570/1649160
-I90 -Gtopo.grd -V";
system "grdmath topo.grd DDX = ddx.grd";
system "grdmath topo.grd DDY = ddy.grd";
system "grdmath ddy.grd ddx.grd R2 SQRT ATAN = slope.grd";
system "grdmath slope.grd R2D = slope_degrees.grd";
system "grdinfo slope_degrees.grd";
system "grd2xyz slope_degrees.grd -V > slope_degrees.xyz";
####################################################################
### STEP C - Application of the slope failure Perl code after:
### (1) Append the predicted tephra accumulation for a given
### explosive eruption (defined by the user) to the previous file
### The file now has the following format: x, y, slope, accumulation.
my $args = @ARGV;
if ($args < 1) {
print STDERR "USAGE: complex.failure-2.pl <grid file> \n\n";
exit;
}
open (GRID, "<$ARGV[0]") || die ("$!");
while (<GRID>) {
($x, $y, $slope, $accumulation) = split " ", $_;
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$slope_radian = (($slope)*3.1415927)/180;
$tan_alpha = sin($slope_radian)/cos($slope_radian);
$cos_alpha = cos($slope_radian);
$sin_alpha = sin($slope_radian);
$cohesion = 10000;
$phi_rad = (35*3.1415927)/180;
$tan_phi = sin($phi_rad)/cos($phi_rad);
$y_water = 9.81 * 1000;
$y_deposit = 9.81 * 1000;
$y_total = $y_water + $y_deposit;
$thickness_tephra = $accumulation/1000;
$coeff1 = $cohesion / ($y_total * $sin_alpha * $thickness_tephra);
$coeff2= 1-($y_water/$y_total);
$coeff3 = $tan_phi / $tan_alpha;
$FS = $coeff1 + ($coeff2 * $coeff3);
$status = 1;
if ($FS < 1) { $status = 0; }
elsif ($FS > 1) { $status = 2; }
print "$x $y $status $slope\n";
}
close GRID;
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### The lahar source region can be identified by contouring $status=1
### in the output file.
####################################################################
### STEP D - Filter out all the data point that have a FS > 1, thus
### retaining only the location where the tephra blanket is unstable.
if (@ARGV < 1) {
print"USAGE: (ARGV=@ARGV) perl volume-calculation.pl <file>\n";
exit;
}
open (DATA, ">location-where-tephra-unstable.dat");
while (<>) {
($x, $y, $fs, $slope) = split " ", $_;
if ($fs <= 1.0) {
print (DATA "$x $y $fs $slope\n");
}
}
close (DATA);
####################################################################
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### STEP E - Calculate the total volume of tephra available to feed
### lahars from the lahar source regions and the potential are of
### inundation of the lahars (following the previous steps.
$n = 0; ####### number of points where tephra is unstable #######
$grid_spacing = 90; ####### grid spacing of the DEM in METERS #####
$area = 0; ####### area affected by potential tephra failure
in KM2 #######
$y_water = 9.81 * 1000; ####### specific weight of water #######
$y_deposit = 9.81 * 1000; ####### specific weight of the tephra
deposit #######
$cohesion = 1000; ####### cohesion of the tephra deposit #######
$repose_angle = 35; ####### angle of repose of tephra
(angle of internal friction) #######
$thickness = 0; ###### thickness of tephra for points where
FS <= 1 #######
$volume = 0; ####### volume of tephra that will fail for 1 cell,
based on 1 point of the grid #######
$volume_tot = 0; ####### total volume of tephra that will generate
lahars #######
open (DAT, "location-where-tephra-unstable.dat") || die "cannot
open file...loser\n";
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while (<DAT>) {
($x, $y, $fs, $slope) = split " ", $_;
$n++;
$slope_radian = (($slope)*3.1415927)/180;
$tan_alpha = sin($slope_radian)/cos($slope_radian);
$cos_alpha = cos($slope_radian);
$sin_alpha = sin($slope_radian);
$phi_rad = ($repose_angle*3.1415927)/180;
$tan_phi = sin($phi_rad)/cos($phi_rad);
$y_water = 9.81 * 1000;
$y_deposit = 9.81 * 1000;
$y_total = $y_water + $y_deposit;
$coeff2= 1-($y_water/$y_total);
$coeff3 = $tan_phi / $tan_alpha;
$thickness = $cohesion/(($fs-($coeff2*$coeff3))*$sin_alpha
*$y_total);
$volume = $thickness * ($grid_spacing)**2;
$volume_tot = $volume_tot + $volume;
# print "$thickness $volume_tot\n";
}
$area = $n * ($grid_spacing/1000)**2;
$area_inundated = (200 * ($volume_tot)**(2/3))/1000000;
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print ("number of points where tephra is unstable = $n\n");
print ("area of lahar source region = $area km2\n");
print ("volume of tephra available for lahars = $volume_tot m3\n");
print ("area inundated = $area_inundated km2\n");
close (DAT);
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